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Nanoenergetic composite materials have been synthesized by a sol-gel chemical 
process where the addition of a weak base molecule induces the gelation of a hydrated 
metal salt solution.  A proposed ‘proton scavenging’ mechanism, where a weak base 
molecule extracts a proton from the coordination sphere of the hydrated iron (III) 
complex in the gelation process to form iron (III) oxide/hydroxide, FeIIIxOyHz, has been 
confirmed for the weak base propylene oxide (PO), a 1,2 epoxide, as well as for the weak 
bases tetrahydrofuran (THF), a 1,4 epoxide, and pyridine, a heterocyclic nitrogen-
containing compound.  Gelation mechanisms for the formation of FeIIIxOyHz from THF 
and pyridine have been presented and confirmed through pH, XPS, and IR studies.  THF 
follows a similar mechanism as PO, where the epoxide extracts a proton from the 
coordination sphere of the hydrated iron complex forming a protonated epoxide, which 
then undergoes irreversible ring-opening after reaction with a nucleophile in solution.  
Pyridine also extracts a proton from the hydrated metal complex, however, the stable six-
membered molecule has low associated ring strain and does not endure ring-opening. 
Energetic properties for the Fe2O3/Al and RuO2/Al sol-gel synthesized systems 
are also presented.  Sol-gel chemistry synthesizes x-ray amorphous oxide matrices which 
contain substantial quantities of residual water and organic species.  The iron (III) matrix, 
formed from the addition of a weak base epoxide molecule to a hydrated iron (III) nitrate 
solution, consists of stoichiometric Fe2O3, FeO(OH), and Fe(OH)3 and can only definitely 
be described as of FeIIIxOyHz.  XPS characterization of the metal oxide matrix 
synthesized from the addition of the weak base propylene oxide to a hydrated ruthenium 
(III) chloride solution corresponds to that of hydrous ruthenium (IV) oxide. 
 xviii 
Fe2O3/Al energetic systems were synthesized from the epoxides PO, trimethylene 
oxide (TMO) and 3,3 dimethyl oxetane (DMO).  Energetic systems formed from each 
epoxide were each synthesized with different components, including: varying 
concentrations of nano-scale Al, micron Al, and carbon nanotubes.  Surface area analysis 
of the synthesized matrices shows a direct correlation between the surface area of the iron 
(III) oxide matrix and the quantified exothermic heat of reaction of the energetic material 
due to the magnitude of the interfacial surface area contact between the iron (III) oxide 
matrix and the aluminum particles.  The Fe2O3(PO)/Al systems possess the highest heat 
of reaction values due to the oxide surface area available for contact with the aluminum 
particles.  Also, within systems, 1:1 Fe:nano Al samples possess the highest heat of 
reaction.  Samples with nano-scale Al particles start reaction at 430°C, before the melting 
point of Al, whereas samples containing micron-Al do not react until ~800°C, after the 
melting point of Al. 
The RuO2/Al energetic systems behave differently dependent on the atmosphere 
the sample is heated.  Heating the RuO2/Al samples in an inert atmosphere results in the 
complete reduction of the ruthenium oxide matrix to Ru(0) before reaction with the 
aluminum particles.  This results in the exothermic formation of RuxAly intermetallics, 
with the stoichiometry dependent on the initial Ru:Al concentration.  However, heating 
the samples in an oxygen-rich atmosphere results in an exothermic reaction between 
RuO2 and Al.  Post-reaction analysis of these samples reveals the sole existence of 







Nanomaterials allow for the realization of materials properties unattainable in the 
bulk.  Nanoenergetic materials, in which at least one of the component phases has particle 
dimensions on the nanometer scale, have superior exothermic characteristics and possess 
properties unobtainable by traditional energetic materials.1-3  In general, energetic 
materials store energy in chemical form and are typically categorized as propellants, 
explosives, and pyrotechnics.4-6 Energetic materials are categorized into two main 
classes: monomolecular energetic materials and composite energetic materials.  
Monomolecular energetic materials contain both fuel and oxidizing components in a 
single compound.  These materials have a high energy release rate which is controlled 
mainly by chemical kinetics resulting in greater energetic power release, but with lower 
overall energetic release density.7  Composite energetic materials offer energy release 
density values much greater than monomelcular materials.8  However, in these materials 
energy release in governed by mass transport, resulting in slow release rates due to the 
large scales of the reactants. By synthesizeing composite energetic materials with 
components on the nano-scale, a superior class of energetic can be synthesized with high 
energy release densities as well as high energy release rates as mass transport issues are 
reduced on this scale.  The classification of nanoenergetic materials examined here are 
comprised of a particulate metal fuel (e.g. Al, Ta, Cr) closely mixed with metal oxide 
particles (e.g. Fe2O3, MgO, CuO, WO3), which, after a stress-induced oxidation-reduction 
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reaction, result in a substantial exothermic heat release.  This variety of energetic reaction 
is classified as a thermite reaction9 which is a self-propagating reaction with temperatures 
reaching several thousand degrees.10, 11  In these materials, reactions between different 
metal oxide networks (oxidants) and dispersed metallic particles (fuels) will result in 
different energetic release rates and outputs.  Figure 1.1 shows a schematic of such a 
material. 
Oxidizer
Fuel in matrix pores
 




In nanoenergetic composite materials, the interfacial contact area between the fuel 
and the oxidant phases is a crucial factor influencing the true magnitude of the 
exothermic heats of reaction.  Poor surface contact between the oxidant and fuel results in 
exothermic heat of reaction values that are lower than the theoretical predictions, as with 
materials with phases of larger length scales.  It is known that the number of contact 
points between the fuel and oxidant phases increases with decreasing particle size due to 
the increasing specific surface area.13, 14  Hence, only systems with a large interfacial 
contact area between well dispersed fuels in close proximity to the metal oxide matrix, 
 3 
such is the case with nanoscale components, can achieve heats of reaction that approach 
the predicted theoretical values.15   
 There are two possible methods of creating energetic materials comprised of a 
metal oxide matrix in intimate contact with zero-valent particulate fuels: (1) As in a 
traditional thermite, the mechanical mixing of powders of metal oxide and zero-valent 
fuel forms an energetic powder composite.  A major problem that arises from this method 
is that the interfacial contact area between the two constituents is limited by the 
efficiency of the mixing process.16, 17  Also, this is an inherently dangerous process due to 
safety issues associated with unplanned reactions if mixing were to initiate the thermitic 
reaction.  (2) A second synthesis method is based on sol-gel chemistry, by which the 
energetic metal oxide/fuel composite materials are produced in solution, eliminating 
safety issues associated with mechanical mixing.  The sol-gel method also provides a 
means of controlling properties such as particle size and matrix morphology.18  This 
permits the metal oxide matrix to be tailored purely by changing the synthesis conditions.   
The work presented is concerned with the synthesis and characterization of 
nanoenergetic composite materials synthesized via sol-gel chemistry with the goal of 
attaining distinctive metal oxide network morphologies, therefore resulting in different 
exothermic heats of reaction due to the varied interfacial surface area between the oxidant 
and fuel phases.  In addition to altering the metal oxide network morphology, the metal 
oxide matrix itself will be altered.  Analysis of the iron (III) oxide/aluminum and 
ruthenium (IV) oxide/Al systems are presented.  Knowing the effect of metal oxide 
network morphology and the specific metal oxide is desired in order to possess the ability 
to select the most appropriate system for a particular application based on both the 
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desired reaction temperature as well as the desired heat of reaction.  Along with 
quantification of the thermal analysis data, identification of the pre- and post-reaction 
phases of the synthesized material by x-ray diffraction and x-ray photoelectron 
spectroscopy, surface area analysis of the synthesized metal oxide matrices, and imaging 
through transmission electron microscopy and atomic force microscopy are to be 
performed.  
Also, a mechanistic study is to be performed to probe the sol-gel formation of the 
iron (III) oxide matrix using different weak base gelation chemicals.  Previous work, in 
which the weak base propylene oxide was used as the gelation agent, has proposed that a 
‘proton scavenging’ mechanism was responsible for the formation of the xerogel. In the 
current study, this mechanistic view has been further investigated and generalized to 








This chapter will discuss prior and current research of energetic materials, both 
nano-scaled and traditional macro-scaled.  Section 2.2 will relate an overview of the two 
main classifications of energetic materials, monomolecular energetic materials and 
composite energetic materials.  Section 2.3 will describe the current state of 
nanoenergetic materials, from synthesis to characterization.  Section 2.4 will outline a 
proposed ‘proton scavenging’ mechanism in the sol-gel synthesis of various metal oxides 
from weak base molecules.  Finally, Section 2.4 will discuss the relevance of the 
presented background information to the current project. 
 
2.2 Energetic materials 
 2.2.1 Monomolecular energetic materials 
 Monomolecular energetic materials contain both the fuel and oxidizing 
component of an energetic material in a single molecule.  Here, the fuel is usually carbon, 
with oxygen present in the molecule and in the atmosphere accounting for the oxidizing 
moieties.  Energy release rates for these materials are high with reactions being controlled 
by intermolecular bond-breaking and temperature-dominated chemical kinetics.17  The 
monomolecular decomposition reaction can reach energy release velocities of almost 
7,000 m/s .19  However, energy release densities are lower than composite energetic 
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materials; with the highest energy density for these materials currently one-half that of 
energetic composite systems.7 A common example of a monomolecular energetic 







Figure 2.1:  Drawing of the monomolecular energetic material trinitrotoluene, TNT. 
 
 2.2.2 Composite energetic materials 
As opposed to monomolecular energetics, composite energetic materials comprise 
the other major category of energetic materials.  These materials undergo exothermic 
reactions when two materials interact in oxidation-reduction reactions, as with thermite-
type materials, or through the reaction of two metals to produce an intermetallic.   
The oxidation-reduction thermite reaction was first described by Goldschmidt in 
1908.20  These extremely exothermic reactions involve a transfer of electrons between 
one reactant to the other, where, in essence, one reactant is oxidized, while the other 
reactant is reduced.  Examples of such reactive mixtures and their associated theoretical 
exothermic heats of reaction are shown in Table 2.1.  Note that all of these systems 
possess large theoretical exothermic heats of reaction.   Fisher and Grubelich have 
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published an extensive list of oxidant/fuel systems as well as their calculated heats of 
reaction and adiabatic temperature, or the highest temperature reached during reaction.9  
 


































When initiated, these reactions emit large energy densities.22  As described earlier, 
composite energetic materials possess twice the energy density as monomolecular 
energetic materials.  However, the interfacial contact area between the two constituents is 
limited by the efficiency of the mixing process.  Therefore due to the large scale of the 
reactants, the reaction is controlled by mass transfer limitations, resulting in low energy 
release rates.4  Typical reaction velocities of composite energetics is on the order of 0.1-1 
m/s, four orders of magnitude than monomolecular energetic materials.23   
Exothermic reactions created from composite energetic materials are used in a 
wide variety of applications.  These include a method for the welding together of railroad 
track, the underwater welding of metals, additives to explosives for even greater 
performance, car airbag initiators, and independent heat sources.9  The decision as to the 
composition of the thermite mixture is dependent on the specific application.  As the 
different mixtures release various quantities of heat, an application such as an airbag 
 8 
initiator would require a mixture generating much less heat release as opposed to welding 
large quantities of railroad track, thereby making the knowledge of the heat of reactions 
of the various mixtures critical. 
The traditional method of creating composite energetic materials comprised of a 
metal oxide in intimate contact with zero-valent particulate fuels is the mechanical 
mixing of powders of metal oxide and zero-valent fuel. However, this is an inherently 
dangerous process due to safety issues associated with unplanned reactions if mixing 
were to initiate the stress-induced reaction.  Also, to vary energetic responses, the only 
variables to change are the oxidizer and fuel components in the system or to vary the ratio 
of oxidizer to fuel in the original composition. 
The selection of the fuel component in composite energetic materials is dependent 
on numerous variables.  Desired properties of the zero-valent metal fuel include high 
density, a low melt temperature, and low toxicity.  High density of the fuel is desired for 
a maximum concentration of possible reactions with the oxidizing agent on the atomic 
level.  Also, metals with large heats of formation for their oxides are desirable as these 
metals will generate the highest heat density.  A low melt temperature is preferred as 
diffusion of the fuel particles increases in the liquid state to increase reaction velocity as 
mass transport issues are reduced.  Having the fuel component possess low toxicity is 
self-explanatory, where a fuel such as beryllium would be a prime candidate with high 
potential energy content if not for health reasons.9  Aluminum is typically desired as the 
fuel component due to its low melting temperature.  Also, aluminum has a propensity to 
form a passive oxide later, Al2O3, to decrease the chance of unplanned reactions from the 
initial mechanical mixing.  
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2.3 Nanoenergetic composite materials 
 2.3.1 Advantages of the nano-scale 
 Recently, research has been focused on the development of nanoenergetic 
composite materials.  As previously mentioned, traditional macro-scale composite 
materials possess large energy release densities.  However, due to the large physical 
dimensions of both the oxidizer and fuel components, mass transport issues upon reaction 
initiation inhibit high energy release rates.  The most effective method to decrease mass 
transport issues with these materials and to increase reaction rates is to reduce the scale of 
the oxidizer and fuel components.  Presently, research is being performed on systems in 
the nano-scale.  This decrease in the size of the reactants should result in faster energy 
release rates and higher energy outputs due to greater interfacial contact area between the 
oxidizer and fuel phases.   
  
 2.3.2 Iron (III) oxide/aluminum nanoenergetic materials 
Due to the recent advances in nanotechnology, nano-scale fuel and oxidizer 
components have become commercially available.  Mechanical mixing of these 
components can be accomplished to produce nanoenergetic composite materials.  
However, again, safety issues associated with unplanned reactions remain due to the 
physical mixing of the components. 
As opposed to the mechanical mixing of oxidizer and fuel components, a second 
synthesis method is based on sol-gel chemistry, by which the energetic metal oxide/fuel 
composite materials are produced in solution, eliminating safety issues associated with 
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mechanical mixing and unplanned reactions.  Sol-gel chemistry generates porous 
inorganic networks through the formation of a colloidal suspension (sol) and gelation of 





Figure 2.2: Schematic of the process where colloidal particles in suspension (sol) react to 
form a porous inorganic network (gel) within a liquid phase. 
 
Sols are prepared mainly from metal salts, e.g. FeCl3 and Fe(NO3)3, and metal 
alkoxides, e.g. Al[O(CH3)CHC2H5]3  and (TEOS), Si(OC2H5)4.
25  Sols are also prepared 
from combinations of salts and alkoxides.  The colloidal suspension of particles in the sol 
stage range in diameter from 2-200 nm, where the suspended particles must balance the 
forces of gravity and buoyancy to remain in suspension.  The gel in sol-gel chemistry 
refers to the porous 3-dimensional interconnected solid network of the inorganic colloidal 
particles throughout the liquid medium. The sol to gel transition is continuous, and is 
characterized by the sharp increase in viscosity approaching infinity when nearing the gel 
point.26  Beyond the gel point, there is also an increase in the elastic modulus of the 
material, as shown in Figure 2.3.27  This type of chemistry is extremely versatile since it 
allows the formation of a large variety of metal oxides at relatively low temperatures via 
the processing of metal salt or metal alkoxide precursors,28 enabling synthesis of yttria-
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stabilized zirconia (YSZ), magnetite (Fe3O4), alumina (Al2O3), as well as numerous other 















Figure 2.3:  Schematic demonstrating the increased viscosity in the sol phase 
which approaches infinity at the gel point as well as the increased modulus in the gel 
phase in sol-gel chemistry. 
 
The sol-gel reaction mechanism is comprised of two main steps: hydrolysis and 
condensation.  The process starts when a metal salt, MyXz, which is demonstrated here, is 
dissolved into its respective metal cations and anionic species in an aqueous solution, as 





Mz+ Xy-Metal cation Salt anion
 
Figure 2.4:  Dissolution of metal salt MyXz into metal cation M
z+ and salt anion Xy- in an 
aqueous solution during sol-gel chemistry. 
 
 
Figure 2.5 shows how the positively charged metal cations in solution, Mz+, 
attract the partial negative charge of the oxygen species in surrounding water molecules 














Figure 2.5:  The positively charged metal cations in solution attract the negative charge of 
the oxygen species in surrounding water molecules. 
 
 
Hydrolysis then occurs when the hydrated metal complex, [M(OH2)N]
z+, 
generated by the coordination of the water molecules in solution to the metal cations, 
reacts with a base in solution, such as water, through a proton transfer to form 
[M(OH)(OH2)N-1]
(z-1)+, a hydroxo ligand, and the conjugated acid, H3O
+, shown in 





Equation 2 shows how the hydroxo ligand reacts with another base in solution, 
again such as water, deprotonating the hydroxo ligand, to form an oxo ligand, 
[MO(OH2)N-1]




            
 
Via condensation, the oxo ligands polymerize to form a three-dimensional 





 Further aging and drying to remove residual hydroxyl species yields the final 
stoichiometric metal oxide network, MxOz.
24  In the case of energetic materials, fuel 
particles can be dispersed within the sol phase, and as gelation occurs, the fuel particles 
become embedded within the matrix pores, resulting in a straightforward procedure to 
produce materials of this nature with excellent contact between the fuel and oxidizer 
components. 
Researchers at Lawrence Livermore National Laboratories have previously 
synthesized Fe2O3/Al nanoenergetic composite materials of this nature using sol-gel 
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chemistry.  Previously, iron (III) oxides formed by sol-gel synthesis have been 
extensively studied for their use as sensors, as catalysts, and as magnetic recording 
media.31-37  The synthesized iron oxide matrix results in a high surface area/highly porous 
material.38, 39  Gash et al. showed that using an iron (III) metal salt precursor in an alcohol 
solution representing the sol and adding an epoxide, such as an 1,2 epoxide, propylene 
oxide, as the gelation agent, a dry, porous iron oxide xerogel matrix is formed after the 
solvent in the gel is allowed to evaporate at ambient conditions.  To create the 
nanoenergetic composite, the zero-valent metal fuel component, aluminum, is mixed into 
the iron salt solution in the sol-stage of the synthesis before gelation occurs in order to 
embed the Al particles within the pores of the forming three-dimensional network of iron 
oxide.  This method allows for the intimate mixing of fuel and oxidant on the nano-scale.  





Figure 2.6:  Schematic of a sol-gel synthesized energetic composite material where the 
fuel component resides within the pores of the three-dimensional oxide network. 
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The final morphology of the gel is dependent on the drying process.  A xerogel is 
formed by the slow evaporation of liquid phase solvents contained within the gel and 
forms a solid that is approximately 50% porous due to densification by gravity.  This 
ambient drying leads to the collapse of the pores and generates a gel of higher density as 
composed to aerogels where the solvents are exchanged with carbon dioxide under super-
critical conditions resulting in a low-density material with higher porosity and surface 
area.7  Specifically, the ambient drying of the as-synthesized gel leads to the collapse of 
the pores and generates a gel of high density with Fe2O3 particles of 2-5 nm when 
propylene oxide is used as the gelation agent, as shown in Figure 2.7(a).40   
This basic procedure template can be altered by changing the gelation agent as a 
parameter in altering the matrix geometry.  Research on the effect of changing the 
gelation agent has been performed by using a 1, 3 epoxide, trimethylene oxide, as 
opposed to the aforementioned 1, 2 epoxide, propylene oxide.  The addition of 
trimethylene oxide as the gelation agent to the hydrated iron salt solution produces a 
fibrous network of Fe2O3 particles with diameter of 15-35 nm, shown in Figure 2.7(b).  
Also, by using another 1,3 epoxide, 3,3 dimethyl oxetane, a similar fibrous network of 
Fe2O3 particles with fibers of 3-5 nm form, as seen in Figure 2.7(c). This establishes that 








Figure 2.7:  TEM images of sol-gel derived Fe2O3 materials using (a) propylene 








Figure 2.7 (continued) 
 
The zero-valent metal fuel component, aluminum, is mixed into the metal oxide 
matrix in the sol-stage of the synthesis before gelation occurs to form the energetic 
material with aluminum particles embedded within the Fe2O3 matrix pores.  The sol-gel 
synthesis route to produce nanoenergetic materials is schematically shown in Figure 2.8. 
 
 
Figure 2.8: Schematic of synthesis of energetic nanomaterials from sol to gel phases for 
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Imaging the nanoenergetic material using propylene oxide as the gelation agent 
reveals iron (III) oxide clusters of 2-5 nm, as seen in Figure 2.9.  Ultra fine grade (UFG) 





Figure 2.9:  TEM image of sol-gel derived Fe2O3 materials using propylene oxide 
as the gelation agent showing iron oxide clusters of 2-5 nm in immediate contact with 30 
nm diameter aluminum particles. 
 
Energetic analysis of this material was performed using differential scanning 
calorimetry (DSC).  The theoretical heat of reaction for this oxidant/fuel system 
(Fe2O3/Al) is -282 kJ/(mol Fe2O3 reactant).  The experimental value of the heat of 
reaction of this material was -110 kJ/(mol Fe2O3 reactant), as shown in Figure 2.10.  This 
lower than theoretical heat of reaction is explained as being a result of the partial surface 
oxidation of the aluminum particles which prevents the achievement of the theoretical 
yield, since this passivation layer, ~3 nm in thickness for 30 nm Al particles, reduces the 




Figure 2.10:  Thermal analysis data for heat of reaction of Fe2O3/UFG Al system 
derived from sol-gel chemistry. 
 
 
However, energetic Fe2O3 samples synthesized from the gelation agents TMO and 
DMO, as shown in Figures 2.7(b) and 2.7(c), have not been studied for energetic 
properties.  Figure 2.11 shows an illustration of how the formation of different metal 
oxide networks formed from sol-gel chemistry can possibly result in different interfacial 
surface area contact between the oxidizer and fuel components, resulting in different 
energetic responses.  In the figure, the sample on the left, with the higher concentration of 
oxide particles in direct contact with the fuel particles, would result in higher exothermic 






Figure 2.11:  Illustration of the differing interfacial contact areas between fuel and 
oxidizer molecules arising from the difference in the morphologies of the metal oxide 
matrices.  The configuration on the left, with greater interfacial surface area contact 
between the fuel and oxidizer components, will yield a greater heat of reaction after 
reaction. 
 
 In an effort to probe the effect of the surface area contact between the fuel and 
oxidizer particles on reaction initiation, Pantoya et al. researched the energetic behavior 
of composite energetic materials of molybdenum trioxide (MoO3) and aluminum.
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Experiments were performed on samples with nano-scale aluminum fuel particles with 
diameters of 17-202 nm.  Also, experiments with aluminum fuel particles on the scale of 
3-20 microns were carried out.  In comparison to micron scale fuel particles, nano scale 
particles approach molecular dimensions and mixing at this level enhances the 
homogeneity of the mixture. The samples were synthesized by mechanically mixing the 
two constituents.  The fuel:oxidizer ratio was 1.2:1, an excess of fuel particles is due to 
the inevitable oxidation of the pyrophoric aluminum particles.  It should be noted that the 
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MoO3 particles had a sheet-like crystalline structure with particles of varying sizes, 
ranging from as small as 100 nm.  Their results indicate a clear disparity in the reaction 
ignition time between the samples containing nano-scale and micron-scale aluminum fuel 
particles.  The composites containing nano-scale aluminum initiate reaction more than 
two orders of magnitude faster than the samples containing micron-scale aluminum.  The 
nano aluminum samples start reaction in ~12 ms, where the micron aluminum samples 
react after ~6 seconds.  However, within the nano-regime, the reaction initiation time did 
not vary significantly, all the samples reacted within 15-25 ms.   However, the samples 
were still synthesized by mechanical mixing of the composite constituents where safety 
hazards remain for potential unplanned reactions. 
To continue the sol-gel approach to the synthesis of nanoenergetic materials, 
Prakash et al. presented a novel approach to the synthesis of the metal oxide matrix in 
nanoenergetic materials.4  Their reactions started with the same precursors as the 
researchers at Lawrence Livermore; however, the method synthesizes Fe2O3 via an aero 
sol-gel approach.  This aero sol-gel method is designed to scale-down the full scale 
methods presented by Gash and perform the experiments in a single droplet.  The 
researchers started the reaction using the same iron (III) salt/alcohol solution to which an 
atomizer ejected droplets of ~1 micron.  These droplets were sent to a reactor where the 
solution droplets reacted with a 1,2 epoxide, 1,2-epoxybutane.  Within the reactor, the 
droplets successfully gelled to form Fe2O3.  The novel approach presents some issues.  
First, the Fe2O3 particles formed are larger than the 3-5 nm particles imaged by Gash.  
Particle size distribution revealed that the aero sol-gel method particles have a mean 
diameter of 180 nm.  Again, increased particle size decreases possible interfacial surface 
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area between the oxidizer and fuel components, reducing reaction rates and energetic 
outputs.  Second, the process only produces the oxidizer component. To synthesize the 
nanoenergetic material, the iron (III) oxide matrix synthesized here requires mechanical 
mixing with a fuel to produce the energetic material, again, leading to safety issues. 
Kim et al. expounded upon the aero sol-gel synthesis procedure.11  Here, an iron 
(III) salt solution in addition to zero-valent aluminum particles are each sent through 
separate atomizers where they interact within a reactor, which again contains the gelation 
agent 1,2 epoxybutane.  Within the reactor, the iron (III) sol gels to form Fe2O3, leading 
to enhanced interaction with the aluminum particles introduced by the second atomizer.  
TEM images show Fe2O3 particles with mean diameters of 200 nm in direct contact with 
aluminum particles of 50 nm.  This procedure creates a safer, more straightforward aero 
sol-gel method to produce Fe2O3/Al composite nanoenergetic materials, however, the 
larger diameter of the iron (III) oxide particles limits interfacial contact area between the 
two phases reducing energetic outputs.  
Prentice et al. researched the tailoring of energetic outputs of Fe2O3/Al based 
nanoenergetic materials by adding a third reactant, SiO2.
17  The researchers mixed 
aluminum nanoparticles into two different Fe2O3/SiO2 oxidizer mixtures.  One mixture 
was prepared by the mechanical mixing of purchased nanometer scale metal oxide 
particles.  The second mixture was prepared by a similar sol-gel synthesis as described by 
Gash.  The results showed the ability to control the exothermic output of various 
compositions of Fe2O3/SiO2/Al.  However, again, mechanical mixing of the oxidizer and 
fuel components was again employed.  Also, the addition of SiO2 was shown to decrease 
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reaction velocities.  As there was no mention of particles sizes of the oxidizer phases, no 
conclusions in respect to interfacial contact area can be presented. 
 
 2.3.3 Ruthenium (IV) oxide/aluminum nanoenergetic materials  
 In addition to altering the gelation chemical to tailor the metal oxide matrix 
geometry, the epoxide addition synthesis procedure can be altered by replacing the 
hydrated iron salt with hydrated salts of other metals.  This epoxide addition in the sol-gel 
formation of metal oxides has also been successful in the synthesis of other 
technologically-relevant oxides such as NiO,42 Al2O3,
43 Cr2O3, ZrO2, WO3, as well as 
numerous other transition metals.44  These oxides may be used in a variety of applications 
in the areas of sensors, optical materials, catalysts, gas separation, information storage, 
wet-type solar cells, oxide ion conductors for solid-oxide fuel cells, as well as many other 
research areas.45-61  Ruthenium oxides have been prepared by sputtering,62 cathodic 
electrosynthesis,63 and solution chemistry including thermal decomposition of hydrated 
RuCl3
64 and sol-gel processes.65, 66  Anhydrous ruthenium oxide materials possess 
versatile functionalities and properties that make them useful in numerous industries.  
RuO2 is known as an exceptional electrode material for high power and high energy 
density capacitors as a result of its high capacitance67 and exhibits low resistivity and 
good thermal stability.68, 69  It is also known to be a metallic conductor70-72 and has been 
used as a catalyst for organic and inorganic reactions,73, 74 an anode material in the 
production of chlorine,75 and in cryogenic temperature sensors.76  Due to its etching 
capability, RuO2 is also a good candidate for the bottom electrode for high dielectric 
constant capacitors.77  Hydrous ruthenium oxide, RuO2⋅xH2O, can be used as an 
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electrochemical capacitor due to its high energy density.78  These hydrous materials 
possess high capacitance, low resistance,79 and good electrochemical cyclability80 with 
maximum capacitance values of the material occurring when x ~0.5.81 
 Suh et al. have demonstrated that the sol-gel epoxide addition method can 
produce ruthenium oxide aerogels of high porosity from hydrated ruthenium chloride 
solutions.79  The research group examined materials properties, such as gelation time and 
phase identification, in addition to the capacitance of aerogels of the material.  Surface 
area analysis of the aerogels reveals a nano-porous material with 18.3 nm to 23.6 nm, 
even after calcinations. 
 Nanoenergetic materials of hydrous ruthenium (IV) oxide and aluminum have not 
been reported in the literature.  If this combination was to react, the balanced thermite-
type reaction would be: 
RuOAlAlRuO 3243 322 +→+  
 Knowing that the standard heat of formation of anhydrous ruthenium (IV) oxide is 
-314.15 kJ/mol,82 the heat of formation of alumina is -1,668 kJ/mol,21 and the heat of 
formation of elements is zero, the calculation of the overall heat of reaction can be 
determined.   The theoretical overall heat of reaction for this system is -2,424.6 kJ/mol, or 
-346.4 kJ/(mol reactant).  This molar based heat of reaction value makes such a system 
more energetic than even the classic thermite, Fe2O3 and Al. 
 However, the energetic intermetallic reactions between composite ruthenium and 
aluminum materials have been reported.  The main purpose of studying RuxAly 
intermetallics is due to the exceptional properties of the intermetallic.  Mucklich et al. has 
compiled a thorough review of the intermetallic RuAl.83   In respect to other aluminide 
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intermetallics with similar crystal structures, such as NiAl, CoAl, and FeAl, RuAl 
possesses superior properties.  RuAl has higher ductility, higher toughness, and lower 
brittleness than other similar intermetallics.  It has extraordinary corrosion resistance with 
electrical properties comparable to ruthenium metal.  Energetically, RuAl has a large, 
negative heat of formation of -124.1 kJ/mol, indicating a strong chemical attraction 
between the two metals.   
  
2.4 Proposed ‘proton scavenging’ mechanism 
The general mechanistic view regarding the formation of the Fe2O3 xerogel by the 
addition of an epoxide to a hydrated iron salt precursor solution is based on the 
assumption that the gelation agent, propylene oxide, can be regarded as a ‘proton 
scavenging’ weak base that does not cause vigorous precipitation of FeIII.  The use of a 
weak base is emphasized, as strong bases are known to form iron oxide precipitates due 
to the rapid reaction rate of the base with the metal species.84  Propylene oxide has 
traditionally been used in organic syntheses as an acid scavenger.85  In this scenario, the 
propylene oxide extracts protons from the water molecules in the immediate coordination 
sphere of the hydrated metal complex, resulting in a protonated epoxide, as shown below 
















 The protonated epoxide subsequently undergoes irreversible ring-opening by 
reacting with a nucleophile present in solution, either a nitrate ion or water. Also, as a 
result of this reaction, a diol is formed, leading to a net elimination of protons from 
solution, as shown in Equation 4.  A nuclear magnetic resonance study has confirmed the 














After further hydrolysis and condensation of the original hydrated metal complex, 
Fe2O3 is formed.  These hydronium ions are eliminated from solution by bonding with 
the salt anions in solution, lowering hydronium ion concentration in solution, thereby 
leading to a proposed increase in pH with time.  This hypothesis is validated by the 
















Figure 2.12:  Reaction pH study of gel formed adding propylene oxide as gelation 
agent to an iron (III) salt precursor solution.  Notice the increase in pH with increasing 
reaction time. 
 
   
2.5 Relevance of current research with background 
  By reviewing the literature for nanoenergetic materials, much emphasis has been 
placed on the synthesis of energetic materials with nano-scaled dimensions.  There is a 
definite advantage to using materials on this scale due to increased contact area between 
the metal fuel and oxidizer phases.  From the epoxide addition sol-gel synthesis method, 
it is evident that metal oxides with different morphologies with varying surface areas are 
able to be synthesized.  However, no published research has been performed to take 
advantage of this idea.  This work focuses on exploiting this fact by synthesizing 
nanoenergetic materials of the iron (III) oxide and aluminum system from different 
gelation epoxides which have been shown to result in different metal oxide geometries in 
able to tailor the heat of reaction values of the exothermic thermite oxidation-reduction 
reaction.  Also, novel ruthenium (IV) oxide and aluminum nanoenergetic systems were 
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synthesized as an extension of this same sol-gel synthesis procedure.  Here, the metal 
oxide matrix has been changed, which will result in different energetic outputs.  
Confirming the sol-gel ‘proton scavenging’ synthesis will provide the researcher the 
knowledge of which gelation chemicals will induce gelation to produce further 









 This chapter discusses the materials, experimental procedures, and 
characterization techniques used in this work.  Section 3.2 discusses the materials used in 
the synthesis and characterization of metal oxide gels from sol-gel chemistry.  Section 3.3 
describes the experimental procedure in the elucidation of the ‘proton scavenging’ 
mechanism.  Section 3.4 details the sol-gel procedures employed to produce 
nanoenergetic materials of iron (III) oxide and aluminum, while Section 3.5 details the 
procedure to synthesize ruthenium (IV) oxide and aluminum nanoenergetic materials.  
Section 3.6 describes the experimental techniques utilized throughout the research along 
with a brief description of the technique. 
 
3.2 Materials 
 Ferric nitrate nonahydrate, Fe(NO3)3
.9H2O; tetrahydrofuran (THF), C4H8O; 
pyridine, C5H5N; propylene oxide (PO), C3H6O, and micron scale aluminum powder 
were purchased from Fisher Scientific and used as received.  Figure 3.1 displays the 
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Figure 3.1: The structure of weak base molecules used as gelation chemicals: (a) 
propylene oxide (PO), C3H6O, (b) tetrahydrofuran (THF), C4H8O, and (c) pyridine, 
C5H5N. 
 
 Trimethylene oxide (TMO), C3H6O, and 3,3-dimethyloxetane (DMO), C5H10O, 
were purchased from Aldrich Chemical Company and used as received.  Figure 3.2 
shows the structure of these epoxides.  Zero-valent aluminum particles with a mean 
particle size of 50 nm were purchased from Nanotechnologies, Inc.  Ruthenium (III) 
chloride hydrate, RuCl3
.
xH2O, was also purchased from Fisher Scientific and used as 
received.  Stock absolute ethanol and single-walled carbon nanotubes (CNT), 1.1 nm in 
diameter with lengths of 0.5 – 100 µm, were obtained from Aldrich and used as received.   
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Figure 3.2: The structure of epoxides: (a) trimethylene oxide (TMO), C3H6O, and (b) 3,3-







3.3 Elucidation of sol-gel mechanism by epoxide addition 
 
3.3.1 Synthesis of iron (III) materials by addition of weak base molecules 
Syntheses were performed in 20 mL glass scintillation vials and performed under 
ambient conditions.  For all syntheses, 0.65 g Fe(NO3)3
.9H2O was added to 3.5 mL of 
ethanol and stirred until the solid ferric nitrate component was completely dissolved in 
the ethanol.  Then a 1.2 mL allotment of weak base, propylene oxide, THF, or pyridine, 
was added as the gelation chemical to the solution and stirred.  After addition of the 
gelation chemical, times to gelation were monitored and recorded.  After gelation 
occurred, the wet gels were covered and allowed to age for 24 hours.  Then, the gels were 
allowed to dry in a fume hood under ambient conditions or heated at 60°C for seven days 
to allow solvents to evaporate.  The dried xerogel materials were ground into a fine 
powder using a ceramic mortar and pestle.   
 
 3.3.2 pH studies of gel formation 
A 0.43 M aqueous solution of Fe(III) was formed by adding 3.60 g Fe(NO3)
.9H2O 
to 20 mL of deionized water.39 To this solution, 77 mmol of respective gelation chemical 
was added and continually stirred.  pH measurements were taken using a Fisher Scientific 
Accumet AB15 pH meter consisting of a glass pH indicating electrode in conjunction 
with a silver/silver chloride reference electrode starting with time zero corresponding to 
the addition of the gelation chemical (i.e. pyridine).  A 3-point calibration set at pH 





3.4 Fe2O3/Al nanoenergetic materials systems 
 3.4.1 Synthesis of Fe2O3 xerogels  
 For all syntheses, 1.30 g Fe(NO3)3
.9H2O was added to 7.0 mL of ethanol and 
stirred until the solid ferric nitrate component was completely dissolved in the ethanol.  
Finally, a 2.4 mL allotment of PO, TMO, or DMO was added to the solution and stirred, 
inducing gelation.  The time to gelation for the syntheses was monitored and recorded.  
The as-synthesized wet gels were covered and allowed to age for 24 hours.  Then the gels 
were dried in atmospheric conditions or in an oven at 60°C for 7 days which resulted in 
evaporation of solvents and densification of the samples to form xerogels.   
 
 3.4.2 Synthesis of Fe2O3/Al energetic materials systems  
 For all syntheses, 1.30 g Fe(NO3)3
.9H2O was added to 7.0 mL of ethanol and 
stirred until the solid ferric nitrate component was completely dissolved in the ethanol.  
Then 0.083 g of nano Al powder was added to the solution and continually stirred into 
the solution.  This quantity of Al allows for a 1:1 Fe:Al molar ratio, as it is in the 
balanced thermite reaction.  Finally, a 2.4 mL allotment of PO, TMO, or DMO was added 
to the solution and stirred, inducing gelation.  The time to gelation for the syntheses was 
monitored and recorded.  The as-synthesized wet gels were covered and allowed to age 
for 24 hours.  Then the gels were dried in an oven at 60°C for 7 days which resulted in 
evaporation of solvents and densification of the samples to form xerogels.   
 In addition to a 1:1 stoichiometric ratio of Fe:nano Al, other energetic systems 
were synthesized following an analogous procedure.  In all cases, 1.30 g Fe(NO3)3
.9H2O 
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was added to 7.0 mL of ethanol and stirred until the solid ferric nitrate component was 
completely dissolved in the ethanol.  Then additional components were individually 
added into the sol stage of the synthesis.  These components include: a 1:3 Fe:Al ratio of 
nano Al powder (3x the stoichiometric quantity, 3 x 0.083 g = 0.249 g Al), a 2:1 Fe:Al 
quantity of nano Al powder (½ the stoichiometric ratio, ½ x 0.083 g = 0.0415 g Al), a 1:1 
stoichiometric ratio of Fe:nano Al (0.083 g Al) plus 0.083 g CNT, a 1:1 Fe:Al ratio of 
micron scale Al powder (0.083 g Al),  and a 1:1 Fe:Al ratio of micron Al powder (0.083 
g Al) plus 0.083 g CNT.  Table 3.1 summarizes the systems prepared. 
 
Table 3.1: Summary of the nanoenergetic systems of iron (III) oxide and aluminum 
synthesized using sol-gel chemistry from the gelation chemicals propylene oxide (PO), 
trimethylene oxide (TMO), and 3,3 dimethyloxetane (DMO). 
 
 
Fe2O3(PO)/1:1 nano Al Fe2O3(DMO)/3x nano Al
Fe2O3(PO)/3x nano Al Fe2O3(DMO)/0.5x nano Al
Fe2O3(PO)/0.5x nano Al Fe2O3(DMO)/1:1 nano Al CNT
Fe2O3(PO)/1:1 nano Al CNT Fe2O3(DMO)/1:1 micron Al
Fe2O3(PO)/1:1 micron Al Fe2O3(DMO)/1:1 micron Al CNT





Fe2O3(TMO)/1:1 nano Al CNT






3.5 RuO2/Al nanoenergetic materials systems 
 3.5.1 Synthesis of hydrous RuO2 xerogels 
 Syntheses were performed in a 20 mL glass scintillation vial and performed under 
ambient conditions.  The synthesis was performed by adding 0.42 g (1.6 mmol) 
RuCl3
.
xH2O to 3.5 mL of ethanol and stirring until the powdered ruthenium chloride 
component was completely dissolved in the ethanol.  (1.6 mmol was calculated by using 
the exact formula of the Ru precursor, RuCl3.37⋅2.5H2O, having a molecular weight of 
265.6 g/mol, which was obtained after performing elemental analysis on the as-purchased 
RuCl3
.
xH2O salt).  Then a 1.2 mL allotment of the weak base, propylene oxide, was 
added as the gelation chemical to the solution and stirred.  After addition of the gelation 
chemical, the time to gelation was monitored and recorded.  After gelation occurred, the 
gel was covered and allowed to age for 24 hours.  Then the aged gel was allowed to dry 
in a fume hood under ambient conditions to allow solvents to evaporate. 
 
 3.5.2 Synthesis of RuO2/Al energetic systems 
 Syntheses were performed in 20 mL glass scintillation vials and performed under 
ambient conditions.  Four identical syntheses were performed by adding 0.42 g (~1.6 
mmol) RuCl3
.
xH2O to 3.5 mL of ethanol and stirring until the powdered ruthenium 
chloride component was completely dissolved in the ethanol.  To each individual vial a 
specific quantity of Al powder was added: 0.083 g, 0.065 g, 0.028 g, and no Al.  Then a 
1.2 mL allotment of weak base, propylene oxide, was added as the gelation chemical to 
each solution and stirred.  After addition of the gelation chemical, the time to gelation 
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was monitored and recorded.  After gelation occurred, the gels were covered and allowed 
to age for 24 hours, at which point they were dried in atmospheric conditions or heated at 
60°C for seven days to remove residual solvents. 
   
3.6 Characterization Methods  
 3.6.1 Transmission electron microscopy (TEM) 
 High-resolution transmission electron microscopy (HRTEM) images were 
obtained from a Hitachi HF 2000 FE TEM with an accelerating voltage of 200.0 keV. 
The powder samples were suspended in an ethanol solution into which a copper grid was 
submerged.  The submerged copper grid caught the suspended particles at which point 
the grid was removed from the solution.  After evaporation of the ethanol solvent, the 
samples could be imaged by TEM.  TEM was used to image the morphology of metal 
oxide matrices and its contact with the aluminum particles.  TEM is an imaging technique 
where a beam of electrons is diffracted by a sample and the diffracted electrons show a 
two-dimensional image of the sample.  TEM requires thin samples for imaging.  As much 
of the sample powder was too thick to be imaged, images were always taken at the edge 
of the samples.  
  
 3.6.2 Infrared Spectroscopy (IR) 
IR spectra were taken of the synthesized solid xerogels through the use of a Nujol 
mull in which a small amount of a powder sample is mixed with the Nujol.  The sample 
mull was pipetted between two KBr windows which possessed a diameter of 25 mm and 
a thickness of 2 mm.  A Nicolet Nexus 870 Spectrophotometer scanned the range from 
 36 
400 – 4000 cm-1 with a resolution of 2 cm-1 and a data spacing of 0.964 cm-1. Fifty scans 
per sample were taken.  The resulting spectra were further refined by the subtraction of 
the pure Nujol spectrum, taken under the same conditions, without scaling (scaling factor 
= 1). The sample chamber was thoroughly purged with dry, CO2-free air prior to 
measurements in order to avoid the superposition of strong water and/or carbon dioxide 
bands onto the spectrum of interest.  IR spectroscopy is a spectroscopic technique used to 
identify functional groups within a sample where infrared light of different frequencies is 
beamed through a sample and to a detector.  The detector measures the absorption of the 
original infrared radiation by the sample as a function of frequency, or wavenumber.  
Sample characterization is possible as specific chemical bonds will absorb in varying 
intensities and at varying frequencies. 
 
 3.6.3 Thermal Analysis 
 Differential thermal analysis was performed on a Perkin Elmer DTA 7 
Differential Thermal Analyzer (DTA).  Powder samples of the synthesized materials 
were heated at a constant ramp of 10°C/min in alumina crucibles.  Air and ultra-high 
purity argon were used as purge gases at a flow rate of 20.00 mL/min.  High temperature 
DTA/TGA data (to 1400°C) was determined using a Netzsch STA 449-Jupiter TGA-
DTA.  Again, powder samples were placed in alumina crucibles and heated at 10°C/min 
in both air and argon atmospheres up to 1400°C.  Thermal analysis was a critical 
technique utilized in this study.  It was used to quantify the heats of reaction for the 
exothermic reactions.  Also, thermal transformations are able to be reasoned based on the 
type of transformation, either exothermic or endothermic.  Thermogravimetric analysis 
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(TGA) is a thermal characterization method which determines weight change as a 
function of temperature.  TGA measurements can determine materials properties such as 
thermal degradation temperatures and the level of organic species within a sample. 
 
 3.6.4 Surface area analysis  
 Surface area analysis was performed using a Quantachrome Instruments 
Autosorb-1 surface area analyzer.  Powder samples of non-alumninum containing iron 
(III) oxide xerogels were degassed at 130°C for 24 hours under vacuum using nitrogen as 
the adsorbate.  BET theory was employed to determine surface area.  Surface area 
analysis is based on the theory of the adsorption of gas molecules on the surface of a 
solid sample.  Here, the technique was employed to determine the specific surface areas 
of the synthesized metal oxide matrices in order to infer the amount of surface area 
available for the particulate aluminum particles to contact the metal oxide matrix.  
 
 3.6.5 X-ray photoelectron spectroscopy (XPS) 
 XPS scans of powder samples were taken using a Surface Science Laboratories 
SSX-100 ESCA Spectrometer using monochromatic Al K-α radiation (1486.6 eV). The 
system operated at a pass energy of 50 eV.  Powder samples were housed in aluminum 
foil during analysis and a flood gun was used at a voltage of 3 eV.  The operating 
pressure of the vacuum chamber was less than 3 x 10-8 Torr.  General scans covered the 
binding energy range of 0-1,100 eV.  High resolution C(1s) and/or C(1s)/Ru(3d) scans 
were run with a central binding energy (CBE) of 285 eV with a window width of 20 eV 
at a spot size of 400 µm.  High resolution scans were run on the Fe(2p) region with a 
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CBE of 715 eV, a window width of 30 eV at a spot size of 400 µm.  High resolution 
O(1s) scans were run at a CBE of 532 eV using a spot size of 400 µm and a window 
width of 20 eV.  High resolution N(1s) scans were run at a CBE of 400 eV using a spot 
size of 400 µm and a window width of 20 eV.  Each high resolution scan possessed a 0.1 
eV per step interval.  Curve fitting of the data was accomplished using the program 
Spectral Data Processor, Version 4.1.  XPS is used to determine elemental composition 
and oxidation state of samples.  For example, a shift in the peak position to higher 
binding energies from the elemental state results in samples of higher oxidation states.  
Also, during deconvolution of peaks, more electronegative bonds are located at higher 
binding energies. 
 
 3.6.6 X-ray diffraction (XRD) 
 X-ray diffraction of the samples was performed on a Philips PW 1800 X-Ray 
Diffractometer.  Patterns from 15° to 80° were examined with a step size of 0.02° using 
monochromatic CuKα x-rays with a wavelength of 1.54056 Å.  Powder samples were 
analyzed using a zero background sample holder.  X-ray diffraction is able to determine 
lattice structures and identify phases present in a sample as a result of the diffraction of x-
rays in a crystalline material.  XRD was used as a technique to verify phases present in 
the sample before and after possible energetic reactions.   
 
 3.6.7 Elemental analysis 
 Elemental analysis of the material was performed by Atlantic Microlabs, 
Norcross, GA.  Quantitative values of carbon, hydrogen, oxygen, nitrogen, and/or 
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chlorine were determined through experimental measures, including: combustion and 
pyrolysis of the samples.  The balance of the compositional make-up of the sample was 
assigned as iron or ruthenium.  Elemental analysis is able to determine the elemental 
composition of a sample on a weight percent percent basis.  The technique was utilized 
here to determine precise compositional make-ups of the hydrated iron and, particularly, 
ruthenium salts. 
 
 3.6.8 Atomic force microscopy (AFM) 
 Atomic force microscopy (AFM) images were taken using a Pacific 
Nanotechnology Nano-R AFM.  Synthesized monoliths of the materials were placed on 
the surface of a wet epoxy and the epoxy was allowed to dry.  Therefore, the sample was 
embedded within the epoxy but left with an appreciable amount of the sample above the 
upper level of the epoxy, allowing access of the AFM probe to freely contact the sample 
surface.  The sample was scanned using a scan size of 0.76 µm x 0.76 µm at a scan rate 
of 1 Hz and a resolution of 512 scan lines.  The AFM probes used possess a radius of less 
than 10 nm with a force constant of 42 N/m.  This imaging technique uses a tipped 
cantilever which scans the surface of the sample and determines the surface morphology 
of a sample based on the deflection of the cantilever.   





ELUCIDATION OF ‘PROTON SCAVENGING’ MECHANISM  
4.1 Overview 
 This chapter discusses the elucidation of the sol-gel mechanism by which weak 
base molecules are added to a hydrated iron salt solution to induce gelation.  Section 4.2 
describes the results of the syntheses using weak base molecules propylene oxide (PO), 
tetrahydrofuran (THF), and pyridine as gelation chemicals.  Section 4.3 outlines the 
proposed mechanisms for the weak base gelation chemicals studied based on presented 
data.  In conclusion, Section 4.4 summarizes the work on the elucidation of the ‘proton 
scavenging’ mechanism using weak base molecules as gelation chemicals. 
4.2 Iron (III) oxide xerogels synthesized from weak base molecules   
4.2.1 Results of (III) oxide xerogels synthesized from weak base molecules 
The addition of propylene oxide to a hydrated iron (III) nitrate metal salt 
precursor solution results in a heat-releasing reaction with the formation of a reddish-
brown monolithic wet gel within 3 minutes.  A porous xerogel iron oxide matrix forms 
after the solvent in the gel is allowed to evaporate in ambient conditions.  The addition of 
pyridine to an equivalent hydrated iron nitrate solution results in the formation of a dark-
brown material after 10 days.  Ambient drying of the material for an excess of two weeks 
yields a dry xerogel.  The addition of tetrahydrofuran to the same iron nitrate solution 
results in the formation of a gel in 7 days.  Ambient drying of the wet gel for an excess of 
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two weeks yields a dry xerogel.  Figure 4.1 displays x-ray diffraction data for the as-
synthesized samples.  Due to their largely amorphous character, as well as the fact that 
diffraction peaks tend to broaden in the nano-scale, the iron oxide materials should be 
analyzed in a more qualitative manner.  As a reference, Figure 4.1(d) shows the 
diffraction patterns for different iron (III) oxide, hydroxide, and oxyhydroxide phases: γ-
Fe2O3; Fe(OH)3; FeO(OH), ferrihydrite; α-Fe2O3; α-FeO(OH); and β-FeO(OH). The 
most intense peaks from many of these iron (III) phases fall within the two broad bands 
of the diffraction patterns in Figure 4.1(a)–4.1(c). Therefore, it would not be 
unreasonable to describe the materials with the empirical formula of Fe(III)xOyHz.  For the 
sake of simplicity, the term “iron (III) oxide” will be used to denote the formation of the 
mixture of iron (III) compounds that constitute the xerogel material.  However, while 
definitive identification of the iron species present in the samples is impossible, the XRD 
data gives clear indication as to the nanocrystalline nature of the samples.  
 
 42 

























Figure 4.1:  X-ray diffraction patterns for the Fe(III)xOyHz xerogel formed with (a) PO, (b) 
pyridine, and (c) THF and (d) x-ray diffraction patterns for various iron 
oxide/oxyhydroxide phases:  γ-Fe2O3, Fe(OH)3, FeO(OH), ferrihydrite, α-Fe2O3, α-
FeO(OH), and β-FeO(OH). 
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 Figures 4.2(a) and 4.2(b) show TEM and AFM images of the structure of the PO-
synthesized material having closely-packed particles of 2-5 nm with clusters on the order 
of 25-40 nm.  Figure 4.2(c) images the Fe(III)xOyHz material synthesized from pyridine 
showing a porous morphology with individual, interconnected Fe(III)xOyHz clusters on the 
order of 40-50 nm with individual particles of approximately 10 nm.  Figure 4.2(d) shows 
TEM image revealing a porous structure with Fe(III)xOyHz particles of approximately 5 







Figure 4.2:  Imaging by AFM and TEM of the Fe(III)xOyHz xerogel formed with (a) and 
















Figure 4.2 continued 
 
 
 4.2.2 XPS characterization of iron (III) oxide synthesized from propylene oxide 
 X-ray photoelectron spectroscopy was utilized to evaluate the composition of the 
surface of the iron (III) oxide-based material synthesized from the weak base propylene 
oxide.  Figure 4.3(a) shows the general survey spectrum of the material.  Further analysis 
of the XPS spectrum was performed by high-resolution scans of the C(1s), Fe(2p), and 
O(1s) regions.  Figure 4.3(b) shows the high-resolution C(1s) region after the data was 
adjusted to a C(1s) peak at 285.0 eV, as a result of differential charging of the insulating 
material shifting photoelectron lines to higher binding energies.86  The C(1s) region can 
be deconvoluted into 2 separate peaks: (1) at a binding energy (BE) of 285.0 eV 
corresponding to aliphatic C–C bonding arising from the diol in Equation 4 as well as 
residual ethanol and (2) the more electronegative C–O bond at a higher binding energy of 
288.1 eV from the same diol. To support the statement that the sample contains residual 
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organics, elemental analysis of the material was performed.  The results show the sample 
to possess 29.3% carbon, showing that more one-quarter of the sample by weight is 
carbon-based.  Important to note is the absence of an epoxide peak within the C(1s) high 
resolution scan.  This is due to the fact that propylene oxide is a key component in the 
reaction and unlike a traditional catalyst, it actually gets consumed in the reaction.39  The 
sample Fe(2p3/2) peak is located at a binding energy of 711.4 eV and the Fe(2p1/2) peak is 
located at a BE of 725.8 eV, as shown in Figures 4.3(c) and 4.3(d).  The corresponding 
Fe(2p3/2) and Fe(2p1/2) binding energy peaks of elemental iron are 710 eV and 723 eV, 
respectively.  It is known that non-equivalent atoms of the same element in a solid give 
rise to peaks with different BE with increasing BE for increasing oxidation state.87  This 
is demonstrated by the experimental values, and, along with the published values of the 
Fe(2p3/2) peak for α-Fe2O3 corresponding to a BE of 711.6 eV and for FeO(OH) at a BE 
of 711.5 eV88 and the corresponding Fe2O3 Fe(2p1/2)  peak at a BE of 725.1, it can be 
concluded that the Fe(2p1/2) and Fe(2p3/2) peaks correspond to Fe(III).
























Figure 4.3:  The photoemission spectra of a sol-gel synthesized iron (III) oxide/hydroxide 
from the weak base propylene oxide.  (a) The general scan of the oxide material. (b) The 
high resolution C 1s core level electrons and its deconvolution into three peaks.  (c) The 
Fe 2p3/2 scan of the material, note the increase in binding energy of the peak from that of 
elemental iron, corresponding to an oxide material.  (d) The Fe 2p1/2 scan of the material, 
again a higher binding energy peak in relation to that of elemental iron. (e) The O 1s core 
























































Figure 4.3 continued 
 50 
 
Table 4.1:  The binding energies, full-width half-maximum values, percentage of total 
peak area, and assignment of atoms of the x-ray photoemission spectrum (XPS) of the 
O(1s) and C(1s) core electron regions for a sol-gel synthesized iron (III) oxide/hydroxide 
from propylene oxide corresponding to Figure 4.3. 
 
Peak Label  BE (eV)   FWHM (eV)  





A  285.0 2.26 50.7% aliphatic 
B  288.1 2.20 49.3% C-O 
     
O 1s 
C 529.9 2.55 36.1% Fe2O3 
D 531.9 2.38 47.1% FeO(OH) 
E 532.0 2.51 16.8% O-C 
 
 
 The O(1s) region can be deconvoluted into three peaks: 529.9 eV corresponding 
to the oxygen within α-Fe2O3; 531.9 eV corresponding to the oxygen within the iron 
hydroxyl compound FeO(OH), a product of the reaction of Fe2O3 with water as well as an 
intermediate in the proposed propylene oxide ‘proton scavenging’ mechanism; and 534.0 
eV corresponding to the oxygen-carbon bonding of the residual organic diol species from 
the synthesis as well as residual ethanol.90  The relative ratios between the three 
experimental O(1s) peaks corresponding to Fe2O3, FeO(OH), and O–C are 
37.1:47.1:16.8, respectively.  This indicates that the majority of the synthesized product 
(~84.2%) is an iron oxide or iron hydroxide material, with the balance of the sample 
oxygen originating from residual organic species.  The reported O(1s) peak location for 
α-Fe2O3 is 529.9 eV, which is the value reported in the synthesized material here, 
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whereas the O(1s) peak of elemental oxygen is centered at 532.0 eV, again proving the 
existence of an iron (III) material,89  supporting an empirical formula of Fe(III)xOyHz.  The 
O(1s) region is shown in Figure 4.3(e).  The XPS data for propylene oxide as the gelation 
agent is summarized in Table 4.1. 
 
 4.2.3 XPS characterization of iron (III) oxide synthesized from pyridine 
 The survey XPS spectrum of the newly synthesized material in Figure 4.4(a) 
clearly shows the C(1s), O(1s), Fe(2p3/2), Fe(2p1/2) and N(1s) peaks.  High resolution 
scans of the C(1s) peak, seen in Figure 4.4(b), show the deconvolution of five distinct 
peaks.  The peak at 285.0 eV corresponds to the double-bonded carbon within the 
pyridine molecule, 286.5 eV corresponds to the remaining aliphatic bonds arising from 
the ethanol solvent as well as single-bonded carbon-carbon bonds remaining from the 
pyridine molecule, 287.7 eV corresponds to the C–N=C bond of the pyridine molecule, 
289.0 eV corresponds to the C–N+=C bond, which arises from the possible protonation of 
the pyridine molecule during the sol to gel reaction, and 290.3 eV corresponds to the  C–
OH alcohol bonding of residual ethanol.  The proposed C–N+= bond as well as 
examination of the N(1s) peak will be discussed within the section on pH studies of gel 
formation.  High resolution scans of the Fe(2p3/2) and Fe(2p1/2) peaks are shown in Figure 
4.4(c) and 4.4(d).  The Fe(2p3/2) peak appears at a binding energy of 711.1 eV and the 
Fe(2p1/2) peak appears at a BE of 725.1 eV.  This gives a Fe(2p1/2) to Fe(2p3/2) peak 
maximum to peak maximum difference of 14.0 eV, significantly larger than the same 
peak-to-peak difference for elemental Fe of 13.2 eV and similar to that of Fe2O3, which 
has a similar reported difference of 13.6 eV.91  As with the sample synthesized from the 
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addition of propylene oxide, the material obtained from the addition of pyridine as the 
gelation agent exhibits a chemical shift to higher binding energies for the Fe(2p) peaks 
which is indicative of the formation of an iron (III) oxide/hydroxide material. 
 High resolution scans of the O(1s) peak are shown in Figure 4.4(e).  The peak can 
be deconvoluted into three distinct peaks: 530.1 eV corresponding to the oxygen within 
the iron (III) oxide material, 532.5 eV corresponding to the oxygen within the iron 
hydroxyl compound FeO(OH), a product of the reaction of Fe2O3 with water, and 534.8 
eV corresponding to the O–C corresponding to the oxygen bonding within residual 
organic species from the ethanol.25  The relative peak ratios for the oxygen corresponding 
to Fe2O3, FeO(OH), and O–C are 51.5:35.9:12.5, respectively.  Again, in the case of 
pyridine being used as the weak base gelation chemical, there is a large (87.5%) presence 
of iron oxide/hydroxide product in the material with the balance corresponding to 





























Figure 4.4:  The photoemission spectra of a sol-gel synthesized iron (III) oxide/hydroxide 
from the weak base pyridine.  (a) The general scan of the oxide material. (b) The high 
resolution C 1s core level electrons and its deconvolution into five peaks.  (c) The Fe 
2p3/2 scan of the material, note the increase in binding energy of the peak from that of 
elemental iron, corresponding to an iron (III) oxide material.  (d) The Fe 2p1/2 scan of the 
material, again a higher binding energy peak in relation to that of elemental iron. (e) The 











































Table 4.2:  The binding energies, full-width half-maximum values, percentage of total 
peak area, and assignment of atoms of the x-ray photoemission spectrum (XPS) of the 
O(1s) and C(1s) core electron regions for a sol-gel synthesized iron (III) oxide/hydroxide 




 BE (eV)   FWHM (eV)  





A  285.0 1.58 20.9% C=C 
B  286.5 1.77 48.1% C-C 
C 287.7 1.62 23.6% C-N=C 
D 289.0 1.26 5.2% C-N+=C 
E 290.3 1.18 2.2% C-O 
     
O 1s 
F 530.1 2.48 51.5% Fe2O3 
G 532.5 2.07 35.9% FeO(OH) 




 4.2.4 XPS characterization of iron (III) oxide synthesized from tetrahydrofuran 
 An XPS survey spectrum of the material is shown in Figure 4.5(a).  Figure 4.5(b) 
shows the C(1s) high resolution scan can be deconvoluted into 2 peaks.  The peak at a BE 
of 285.0 eV corresponds to the C–C bonding of the residual organic species from the 
ethanol solvent as well as the aliphatic bonding within the diol product of the reaction 
mechanism, and the peak at 288.8 can be attributed to the residual C–O bonding from 
residual ethanol as well as from the diol mechanism product.  High resolution Fe(2p3/2) 
and Fe(2p1/2) scans are shown in Figure 4.5(c) and 4.5(d).  The Fe(2p3/2) peak appears at a 
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BE of 710.7 eV and the Fe(2p1/2) peak is found at a BE of 724.7, resulting in a peak to 
peak distance of 14.0 eV.  This is similar to the sample synthesized using propylene 
oxide.  From the Fe(2p) peaks, the higher binding energies than elemental Fe confirm the 
existence of an Fe(III) material.  A high resolution O(1s) scan is shown in Figure 4.5(e).  
The peak at a BE of 529.7 corresponds to the oxygen bonding within Fe2O3, the peak at 
531.3 eV corresponds to the oxygen within the iron hydroxyl compound FeO(OH), and 
the peak at 532.5 eV corresponds to the O–C bonding from the residual solvents.  The 
relative peak area ratios of the Fe2O3, FeO(OH), and O–C peaks are 44.1:33.5:22.4, 












Figure 4.5:  The photoemission spectra of a sol-gel synthesized iron (III) oxide/hydroxide 
from the weak base epoxide, tetrahydrofuran.  (a) The general scan of the oxide material. 
(b) The high resolution C 1s core level electrons and its deconvolution into two peaks.  
(c) The Fe 2p3/2 scan of the material, note the increase in binding energy of the peak from 
that of elemental iron, corresponding to an iron (III) oxide material.  (d) The Fe 2p1/2 scan 
of the material, also a higher binding energy peak in relation to that of elemental iron. (e) 





























































Table 4.3:  The binding energies, full-width half-maximum values, percentage of total 
peak area, and assignment of atoms of the x-ray photoemission spectrum (XPS) of the 
O(1s) and C(1s) core electron regions for a sol-gel synthesized iron (III) oxide/hydroxide 




 BE (eV)   FWHM (eV)  





A  285.0 2.64 42.4% aliphatic 
B  288.8 2.44 57.6% C-O 
     
O 1s 
C 529.7 2.05 44.1% Fe2O3 
D 531.3 1.55 33.5% FeO(OH) 




A general note on all three synthesized samples is that while the majority of the 
oxygen within the sample originates from an iron oxide or hydroxyl material, drying the 
samples under ambient conditions permits a substantial percentage of residual organic 
species to remain in the final material.  Given the intended use of these materials in 
highly exothermic reactions with potential inclusion in projectile casing, residual organic 
materials in the nanonetwork matrix may prove important in the overall energetic 
efficiency of the oxidative/reductive process. Table 4.4 summarizes the XPS binding 
energies of the Fe(2p1/2), Fe(2p3/2), and O(1s) photoelectron binding energy peaks for the 
three samples, showing very similar results for all three gelation systems.  
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Table 4.4:  Summary of binding energies (eV) of the x-ray photoemission spectra (XPS) 
in formation of FeIIIxOyHz xerogels for the three systems presented for Fe(2p3/2), 
Fe(2p1/2), and O(1s). 
 
  
  O 1s  
Sample Fe(2p3/2) Fe(2p1/2) Fe2O3 FeO(OH) O-C 
Propylene 
Oxide 
711.4 725.8 529.9 531.9 532.0 
Pyridine 711.1 725.1 530.1 532.5 534.8 




4.3 Mechanistic studies of gel formation 
The pH of the reacting solution using propylene oxide as the gelation agent has 
been shown to increase with time.  This is explained due to the addition of a weak base to 
an acidic precursor solution and disappearance of the hydronium ions from solution as 
they recombine with the anions from the original salt (i.e. nitrate ions).  In order to study 
the mechanism of the gelation processes using propylene oxide, pyridine, and 
tetrahydrofuran as gelation agents, pH data was collected for all three reactions.  Figure 
4.6 shows the pH profile of the three systems as a function of reaction time.  Clearly, 
there is an increase in reaction pH with time for each of the three systems.  This supports 
the hypothesis shown in Equations 3 and 4, where the weak base reacts with the hydrated 
metal complex producing a protonated conjugated weak acid molecule resulting in 

















Figure 4.6:  pH profile of reaction study of gels formed using propylene oxide, pyridine, 
and THF as gelation agents.  Notice the increase in pH with increasing reaction time for 
all three systems. 
 
 
 From the pH studies and the previously hypothesized mechanism involving 
propylene oxide, the following reaction mechanisms are proposed for the sol-gel 
reactions involving the weak base gelation agents pyridine and tetrahydrofuran.  In the 
case of pyridine as the gelation agent, a pyridine molecule is capable of extracting a 
proton from the water molecules in the coordination sphere of the hydrated iron cation to 
form a pyridinium ion, as shown in Equation 5.  The ‘proton scavenging’ cascade will 











 When propylene oxide is used as the gelation agent, the protonated epoxide 
undergoes an irreversible ring-opening reaction due to the high strain energy associated 
with the three-membered ring.  In the case of pyridine, the pyridinium ion is a six-
membered ring with aromatic character, which is highly stable and has low associated 
ring strain.  Therefore, whereas with the systems involving propylene oxide and THF, 
XPS results demonstrate the existence of a diol species, which is the result of the ring-
opening reaction, the pyridinium ion is relatively stable, especially in the presence of the 
anionic species present in the system. 
 Additional evidence of the proposed mechanism in the formation of the 
pyridinium ion is demonstrated by Fourier-transform infrared spectroscopy (FTIR).  
Figure 4.7 shows an FTIR spectrum of a Fe(III)xOyHz xerogel synthesized using pyridine 
as the gelation agent.  In contrast to pure pyridine, a peak at 3428 cm-1 from the gel 
material corresponds to the asymmetric stretching vibration of the quaternary protonated 
amine bond present in the pyridinium ion as a result of the proton extraction from the 
coordinated water molecules.92  This is echoed by the corresponding symmetric 
stretching vibration at ~2380 cm-1 and the in-plane deformation vibrations of the 
pyridinium internal modes  at ~1630 cm-1.93-96  It is important to note that the FTIR 
characterization of the xerogel powder was performed using the Nujol mull sample 
preparation technique, and hence, the spectrum shown, is a result of the subtraction of 
(5) 
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pure Nujol (a heavy paraffin oil with a relatively uncomplicated infrared spectrum, with 
major peaks between 2950-2800, 1465-1450, and 1380-1370 cm-1) form the raw 
spectrum of the sample. This ensured that the spectrum of the pyridinium moiety could 


































Figure 4.7:  IR spectra displaying presence of  N+─H bond at 3428, 2380, and 1630 cm-1 
involved in the mechanism of formation of iron oxide xerogel from pyridine as the 
gelation agent. 
 
Further evidence of this proposed mechanism and the existence of the pyridinium 
ion is seen in the high resolution XPS scans of the N(1s) region of the material 
synthesized in the presence of the pyridine as the gelation agent, shown in Figure 4.8.  
Three peaks are deconvoluted from the high resolution spectrum: One peak at 399.0 eV 
corresponding to the C–N=C bonding arising from the aromatic pyridine molecule, a 
second peak at 403.9 eV corresponding to the C–N+=C aromatic bonding representative 
of the pyridinium ion, as protonated forms of N atoms in pyridine are shifted to higher 
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binding energies,97 and a third peak at 405.9 eV, corresponding to the N–O bond 
originating from the remaining nitrate anions originating in the initial iron nitrate 






















Figure 4.8:  N 1s photoemission spectrum of a sol-gel synthesized material using the 
weak base pyridine.  The region is deconvoluted into three peaks corresponding to the C-
N bonding representative of pyridine, the C-N+ bonding representative of a pyridinium 
ion as well as an N-O peak. 
 
 
Table 4.5:  The binding energies, full-width half-maximum values, percentage of total 
peak area, and assignment of atoms of the x-ray photoemission spectrum (XPS) of the 
N(1s) core electron region for a sol-gel synthesized iron (III) oxide/hydroxide from the 




 BE (eV)   FWHM (eV)  





A  399.0 1.74 13.4% N-C 
B  403.9 2.01 39.8% N+-C 




 The material synthesized using the epoxide THF as the gelation agent seems to 
follow a similar reaction mechanism as that of propylene oxide.  The THF molecule is 
capable of extracting a proton from the coordination sphere of a hydrated iron complex, 
producing a protonated 1,4 epoxide and the hydroxo ligand, Fe(OH)(H2O)
2+.  Then, a 
nucleophile can attack the protonated 1,4 epoxide molecule in an irreversible ring-
opening reaction creating a protonated diol, which can deprotonate and form a diol as 


















4.4 Summary of elucidation of ‘proton scavenging’ mechanism 
This work deals with the synthesis of iron (III) oxide/hydroxide xerogels from a 
hydrated ferric nitrate precursor salt (Fe(NO3)3⋅9H2O) through the addition of different 
weak base chemicals, e.g. propylene oxide, pyridine, and tetrahydrofuran, as gelation 
agents.  The dried xerogel samples were characterized by x-ray photoelectron 
spectroscopy (XPS), x-ray diffraction (XRD), transmission electron microscopy (TEM), 
and atomic force microscopy (AFM).  XPS and x-ray diffraction data show Fe(2p3/2) and 




material.  The morphology of the iron oxide/hydroxide xerogels obtained from TEM and 
AFM images indicates the formation of a “nanonetwork” assembly, with base particles of 
~5 nm in diameter aggregated into a network of clusters of ~30 nm in size. In addition to 
sample characterization, a mechanistic study was performed to probe the formation of the 
iron oxide/hydroxide xerogel using the three different weak-base gelation agents.  
Previous work, in which propylene oxide was used as the gelation agent, has proposed 
that a “proton scavenging” mechanism was responsible for the formation of the xerogel. 
In the current study, this mechanistic view has been further investigated and generalized 












 This chapter details the synthesis and characterization of iron (III) 
oxide/aluminum nanoenergetic materials synthesized by sol-gel chemistry from the 
gelation chemicals propylene oxide (PO), trimethylene oxide (TMO), and 3,3 dimethyl 
oxetane (DMO).  Section 5.2 outlines the synthesis parameters and results in creating the 
iron (III) oxide matrices from the different gelation chemicals.  Section 5.3 describes the 
characterization of the energetic (aluminum-containing) systems.  Finally, Section 5.4 
summarizes the overall trends in the iron (III) oxide/aluminum nanoenergetic materials 
systems. 
 
5.2 Synthesis of Fe2O3/Al xerogels 
 The addition of PO to a hydrated iron (III) nitrate metal salt precursor and 
aluminum powder solution results in a heat-releasing reaction with the formation of a 
monolithic wet gel within 4 minutes.  This exothermic reaction corresponds to the sol to 
gel reaction of the iron oxide material and not to the energetic thermite reaction.  This 
material will be described as Fe2O3(PO)/Al where the PO in parentheses designates the 
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iron (III) oxide/aluminum composite material formed from propylene oxide.  The same 
addition of TMO to an equivalent hydrated iron nitrate metal salt precursor and 
aluminum powder also results in the formation of a monolithic wet gel overnight.  This 
material will similarly be described as Fe2O3(TMO)/Al.  The addition of DMO to an 
equivalent hydrated iron nitrate metal salt precursor and aluminum powder also results in 
the formation of a monolithic wet gel within 3 days.  This material will similarly be 
described as Fe2O3(DMO)/Al.  Similar syntheses were performed without the addition of 
aluminum powder and resulted in equal gelation times.  These samples will furthermore 
be referred to as Fe2O3(PO), Fe2O3(TMO), and Fe2O3(DMO).  For all syntheses, a dry, 
porous xerogel forms after heating the samples in an oven for 7 days at 60°C as solvents 
are allowed to evaporate.   
 
5.3 Characterization of Fe2O3/Al nanoenergetic systems 
 5.3.1 Characterization of the iron (III) oxide/nano-scaled aluminum systems 
 synthesized from PO, TMO, and DMO 
 
 The high-resolution transmission election microscopy image in Figure 5.1(a) 
shows the Al particles to be circular and approximately 30-40 nm in diameter.  Imaging 
by HRTEM of the Fe2O3(PO)/Al sample reveals individual Fe2O3 particles on the order 
of 3-5 nm in direct contact with the Al particles, as shown in Figure 5.1(b).  This 
corresponds well to previously published images of a similar composite.  Imaging by 
TEM of the Fe2O3(TMO)/Al sample reveals Fe2O3 particles forming clusters on the order 
of 5-10 nm, as seen in Figure 5.1(c).  This is in contrast to the previously published 
description of fibrous-like particles and can be explained due to post-synthesis 
processing.40  The fibrous-like particle morphology was attained by super-critical drying 
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of the sample to form an aerogel which is more capable of retaining its original 
synthesized morphology due to less densification.  Here, a much higher level of 
densification is seen due to the drying procedure which could possibly make imaging of 
these fibers impossible.  This phenomenon can also explain the lack of presence of fibers 
in the Fe2O3(DMO)/Al sample.  Figure 5.1(d) shows this sample to have Al particles in 






Figure 5.1:  HRTEM images of (a) Nanocrystalline Al, (b) Fe2O3(PO)/Al, (c) 
Fe2O3(TMO)/Al, and (d) Fe2O3(DMO)/Al.  The circular particles 30-40 nm in diameter 



















Figure 5.1 continued 
 
 Figure 5.2 shows the XRD pattern for the nano-scaled Al powder.  The four peaks 
over the scanned range correspond directly to that of zero-valent aluminum, Al(0).  The 
major diffraction peaks were found at Bragg diffraction angles of 38.5°, 44.7°, 65.2°, and 
78.3° which correspond to the (1 1 1), (2 0 0), (2 2 0), and (3 1 1) planes of Al(0), 
respectively.  The diffraction pattern does not show evidence of alumina, Al2O3.  This is 
important due to the fact that while Al2O3 is the thermodynamically stable form of Al in 
atmospheric conditions arising from a large and negative free energy of formation for its 
oxide.98 It should be assumed, though, that at least a fraction of the aluminum sample has 
oxidized to form alumina, but it is undetectable by x-ray.  This is important due to the 
fact that Fe2O3 will not react with Al2O3 in an exothermic thermite-type reaction.   
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Figure 5.2:  X-ray diffraction pattern for nano-scaled aluminum powder.  Aluminum 
peaks are represented by a diamond (◊). 
 
 Figures 5.3(a)-5.3(c) show XRD patterns for the as-synthesized Fe2O3(PO)/Al, 
Fe2O3(TMO)/Al, and Fe2O3(DMO)/Al samples, respectively.  The diffraction data 
confirms the presence of crystalline Al(0) powder as well as the synthesis of an 
amorphous solid in each of the patterns, as seen with the samples synthesized from the 
gelation chemicals THF and pyridine.  Due to the amorphous character of these solids, 
evident from the existence of broad peaks representing highly amorphous, slightly 
crystalline samples, the x-ray diffraction patterns should be analyzed on a more 
qualitative scale as well as the fact that diffraction peaks broaden in the nano-scale.34  As 
also discussed in Section 4.2.1, Figure 5.3(d) shows the diffraction patterns for different 
iron (III) oxide, hydroxide, and oxyhydroxide phases: γ-Fe2O3; Fe(OH)3; FeO(OH), 
ferrihydrite; α-Fe2O3; α-FeO(OH); and β-FeO(OH).  It is again shown here that the most 
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intense peaks from many of these iron (III) phases fall within the broad peaks of the 
sample diffraction patterns.  Due to the overlapping of many of the diffraction patterns of 
iron oxide and iron hydroxyl phases, definitive XRD identification of the samples is 
impossible and should be considered a mixture of phases.  Duraes et al. has previously 
analyzed an equivalent Fe2O3(PO) gel using XRD and has published a diffraction pattern 
for the material which was identified as a possible mixture of Fe(OH)3, γ-Fe2O3, Fe3O4, 
α-Fe2O3, and/or α-FeO(OH).
99  Previous work in our lab has characterized the as-
synthesized Fe2O3(PO) material using x-ray photoelectron spectroscopy.  Deconvolution 
of the hi-res scans of the O(1s) region also confirms that the material is not a single iron 
(III) phase, but contains α-Fe2O3 and FeO(OH), as well as organic contaminants from the 
original precursors.  Therefore, as the synthesized material contains both hydroxyl and 
oxyhydroxyl groups in addition to stoichiometric Fe2O3, the as-synthesized materials will 
furthermore be described as Fe(III)xOyHz, or again using the term “iron (III) oxide.”  
However, the as-synthesized gel, when heated to temperatures of 515°C, completely 
phase transforms into a single phase, α-Fe2O3.
40   
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Figure 5.3:  X-ray diffraction patterns for the sol-gel synthesized: (a) Fe2O3(PO)/Al, (b) 
Fe2O3(TMO)/Al, (c) Fe2O3(DMO)/Al xerogel samples after heating for 7 days at 60°C, 
and (d) theoretical patterns for various iron (III) oxide/oxyhydroxide phases: γ-Fe2O3, 
Fe(OH)3, FeO(OH) (ferrihydrite), α-Fe2O3, α-FeO(OH), and β-FeO(OH).  The diamond 
(◊) represents the Al(0) peaks. 
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 The samples were then submitted to a constant heat ramp of 10°C/min under 
argon purge using a DTA.  Figure 5.4 shows the heat traces for the Fe2O3(PO)/Al, 
Fe2O3(TMO)/Al, and Fe2O3(DMO)/Al samples.  Also shown in these graphs is the heat 
traces of the samples synthesized without aluminum for comparison and to be used as 
baselines.  All samples show endotherms below 200°C which can be attributed to the loss 
of water63 and residual organics not removed during the drying procedure.  For the 
Fe2O3(PO)/Al sample, shown in Figure 4(a), small exotherms can be seen for both the 
fuel-containing energetic and non-fuel containing baseline runs at peak temperatures of 
230°C and 340°C.  These correspond to phase transitions of the amorphous Fe(III)xOyHz 
material into a nanocrystalline material.7, 34  However, then, a larger exotherm is seen at a 
peak of 567°C.  This exotherm is not seen for the Fe2O3(PO) sample and corresponds to 
the thermite Fe2O3/Al reaction.  The integrated heat of reaction is -864 J/g using 
integration limits of 420°C and 670°C.  A previous report on a similarly synthesized 
Fe2O3(PO)/Al sample using aluminum particles with a diameter of approximately 25 nm 
had an integrated heat of reaction of -1.5 kJ/g.5  This directly demonstrates that the 
interfacial surface area contact between the Fe2O3 and Al particles has a dramatic effect 
on the heat of reaction of the system.  The decrease in the size of the Al(0) particles by 



































































Figure 5.4:  DTA trace for the (a) Fe2O3(PO)/Al, (b) Fe2O3(TMO)/Al, and (c) 
Fe2O3(DMO)/Al samples.  Exotherms below 400°C correspond to crystallization of the 
amorphous Fe(III)xOyHz matrix while the exotherm above this temperature corresponds to 




































Figure 5.4 continued 
 
 
 Figure 5.4(b) shows the DTA trace of the Fe2O3(TMO)/Al sample where, again, 
exotherms can be seen at 210°C and 340°C, corresponding to phase transitions of the 
amorphous Fe(III)xOyHz material into a crystalline material.  The exotherm at 210°C is 
larger for this sample possibly due to the higher percentage of amorphous FeO(OH) in 
the as-synthesized material going through the phase transformation to the crystalline 
Fe2O3 phase as the pre-DTA x-ray diffraction pattern for the sample has a larger band 
than the Fe2O3(PO)/Al sample at a Bragg angle of approximately 21°, the most intense 
peak associated with α-FeO(OH), goethite.  Then, another large exotherm is seen at a 
peak of 577°C.  This exotherm corresponds to the thermite Fe2O3/Al reaction with a heat 
of reaction of -505.8 J/g using integration limits of 430°C and 630°C.  Interestingly, the 
sample displays an endotherm at ~580°C, which, after post-DTA x-ray analysis, 
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corresponds to the reduction of iron (III) oxide to that of iron (II) oxide, wustite, an 
unstable form of iron oxide. 
 The Fe2O3(DMO)/Al sample follows the same pattern as the other two samples, 
as seen in Figure 5.4(c).  Exotherms corresponding to the crystallization of the 
amorphous Fe(III)xOyHz material are seen at peak temperatures of 200°C and 320°C.  The 
thermite Fe2O3/Al reaction occurs at a peak temperature of 536°C with a heat of reaction 
of –779 J/g using integration endpoints of 390°C and 605°C. 
 To further analyze the DTA data for the thermite reaction, Figure 5.5 shows an 
overlay of the three samples in the temperature range of the thermite reaction 
demonstrating similarities in each heat trace.  The exotherms for the Fe2O3(PO)/Al  and 
Fe2O3(TMO)/Al samples start with a deviation from the baseline at ~420°C and return to 
the baseline at ~620°C.  Fe2O3(DMO)/Al commences reaction slightly earlier, at ~400°C, 
with completion of the reaction also slightly earlier, at ~600°C.  All samples have a 
reaction temperature interval of ~200°C.  Fe2O3(PO)/Al  and Fe2O3(TMO)/Al have 
similar reaction peak temperatures, 567°C and 577°C, respectively.  Continuing the trend, 
Fe2O3(DMO)/Al has a peak temperature of 549°C, again slightly lower than the other two 




































Figure 5.5:  Overlay of the DTA traces for the (a) Fe2O3(PO)/Al, (b) Fe2O3(DMO)/Al and 
(c) Fe2O3(TMO)/Al samples in the temperature range of the exothermic thermite reaction. 
 
 It has been previously mentioned that there is a complete phase transformation of 
the amorphous Fe(III)xOyHz matrix to α-Fe2O3 below 515°C, however, here all reactions 
occur roughly 100-120°C lower than this temperature.  To verify that the thermite 
reaction corresponds only to stoichiometric iron (III) oxide and aluminum, the Fe2O3(PO) 
sample was heated in a DTA to 420°C, a temperature chosen to identify the phase of the 
Fe(III)xOyHz matrix at the starting temperature of the thermite reactions.  Figure 5.6(a) 
shows the XRD pattern for this sample after heating.  The pattern matches very well to 
that of γ-Fe2O3, maghemite, as shown in Figure 5.6(b).  Therefore, the thermite sample 
does correspond to a reaction between stoichiometric γ-Fe2O3 and Al, as required in the 






















(b) γ-Fe2O3  Maghemite
 
Figure 5.6: (a) XRD pattern for the Fe2O3(PO) heated to 420°C in a DTA.  The sample 





In order to examine the differences in the heat of reactions values for the 
Fe2O3(PO)/Al, Fe2O3(TMO)/Al, and Fe2O3(DMO)/Al samples, Table 5.1 shows the 
experimental surface area values for the three Fe(III)xOyHz materials synthesized without 
the addition of Al powder as well as the heat of reaction values for the energetic samples 
calculated from DTA data.  The Fe2O3(PO) sample has a surface area of 521.6 m
2/g, the 
Fe2O3(TMO) sample has a surface area of 219.2 m
2/g, and the Fe2O3(DMO) sample has a 
surface area of 345.2 m2/g.  These values indicate that the Fe(III)xOyHz matrix 
morphologies possess different quantities of accessible surface area available for the Al 
particles to contact.   With the highest oxide matrix surface area, the Fe2O3(PO)/Al 
material should have the highest heat of reaction when reaction occurs due to the largest 
amount of interfacial contact area between the iron (III) oxide and Al phases.  
Conversely, the Fe2O3(TMO)/Al sample should have the lowest heat of reaction value.  
The DTA results confirm this assumption as well as the ability of sol-gel chemistry to 
synthesize Fe2O3/Al nanocomposites with different iron oxide matrix morphologies in 
order to tailor the heat of reaction of the system directly due to the amount of interfacial 
surface area contact between the iron oxide and aluminum particles. 
 
 
Table 5.1:  Surface area values for the three sol-gel synthesized Fe(III)xOyHz materials and 
the integrated heat of reaction values for the corresponding Al containing energetic 
samples.   
 
Material Surface Area (m
2
/g) Heat of Reaction (J/g)
Fe2O3(PO) 521.6 -821
Fe2O3(TMO) 219.2 -408
Fe2O3(DMO) 345.2 -575  
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Important to note is the starting temperature of the reaction is well below that of 
the melting point of bulk Al, 660.5°C.100  This phenomenon has been noted previously.7  
It has been thought that the initiation of the thermite reaction corresponds to the melting 
of the less refractory material, which, in this case, is the nanocrystalline Al powder.101  
Nanocrystalline Al has been shown to a have a lower melting temperature, sometimes up 
to 300K lower than the bulk material, due to the large fraction of atoms on the surface of 
each particle.102  To examine this, bulk Al and the nano-scale Al powder used in the sol-
gel syntheses of all samples were heated at 10°C/min in a DTA using argon as the purge 
gas.  Figure 5.7 shows DTA traces of the bulk and nano-sized Al particles.  Whereby 
bulk Al has a single, sharp melting endotherm which starts at 650°C with a peak 
maximum at 660°C, the nano-scale Al shows two endotherms.  The first melting 
endotherm begins at 450°C with a peak maximum at 550°C, and the second, broader 
endotherm starts immediately after the first endotherm with a peak maximum at 660°C, 
corresponding to the melting point of bulk Al.  Thermodynamically, the melting of the 
nano-sized Al particles, as displayed by the first endotherm, lowers the free energy 
necessary for the melting of any possible Al aggregates that form, as displayed by the 
second broad endotherm, up to the melting of aggregates which behave as bulk Al.  The 
DTA trace in Figure 5.5 demonstrates that the exotherms occurring due to the thermitic 
reaction between Fe2O3 and Al species for all samples commences by 420°C, 30°C below 
the start of melting of the Al powder.  Therefore it can be seen that the thermite reaction 
occurring here does not start simply due to the melting of the nano-sized Al powder, and 
another explanation for the onset of the reaction is necessary.  A possible explanation for 
the start of the reaction can be extracted from the DTA heating of the Fe2O3(PO) sample, 
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as seen in Figure 5.8.  A small exothermic transition can be seen starting at 420°C, the 
exact starting temperature of the thermite reaction for the Fe2O3(PO)/Al sample.  
Therefore, it can be deduced that this exotherm is able to lower the activation barrier for 
































Figure 5.7:  DTA traces showing melting of bulk and nano-scaled Al powder used in the 
described experiments.  Bulk Al shows a single, sharp melting endotherm, while the 
nano-scaled Al displays two endotherms, a first, smaller endotherm corresponding to the 

































Figure 5.8: DTA trace of the Fe2O3(PO) sample to a temperature of 440°C at 10°C/min.  
An exothermic transition can be seen starting at 420°C. 
 
All heat of reaction values quantified are significantly lower than the theoretical 
value of -3.9 kJ/g for a stochiometric Fe2O3/Al thermite reaction.  There are numerous 
explanations for the lowered heats of reaction for the reaction between Fe2O3 and Al
(0) in 
comparison to theoretical values for all samples.  One reason is that the Al powder is 
prone to form a thin Al2O3 layer around each Al particle, as Al2O3 is the more 
thermodynamically stable form of Al in atmospheric conditions.  This Al2O3 layer, small 
enough to where it is indiscernible in x-ray diffraction patterns, can account for a large 
percentage of the total volume of the nano-scaled Al particle, thereby reducing its 
reactivity.5  Also, the theoretical value for the reaction between Fe2O3 and Al
(0) accounts 
for complete interaction at the molecular scale.  The individual Fe2O3 and Al particles, 
although on the nanometer scale, are unable to achieve absolute molecular interaction 
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thereby lowering the maximum possible heat of reaction.  A third explanation for the 
lower heat of reaction value is that contaminants trapped in the solid network that are not 
purged during the post-synthesis drying process such as salt anion, solvent, and unreacted 
gelation agent reduce iron oxide content per weight so as to reduce the maximum 
possible heat of reaction for the sample materials.99  Also, during the gelation stage of the 
synthesis, Al particles could settle through the Fe(III)xOyHz matrix due to gravity, creating 
an Al concentration gradient within the iron oxide matrix.  Then thermal analysis data 
depends greatly on which area of the energetic material the sample is taken. As all three 
samples were synthesized using the same procedure, we can assume these issues would 
apply to all systems equally and would not effect the relative heat of reaction values for 
the samples. 
 Post-DTA XRD runs were performed to determine the products of the reactions 
and to verify the existence of Al2O3 and Fe, the products of a successful thermite 
reaction.  Figure 5.9(a) shows the XRD pattern of the post-DTA Fe2O3(PO)/Al sample.  
Whereas the pre-DTA x-ray diffraction patterns shows an amorphous iron 
oxide/hydroxide material, the post-DTA x-ray diffraction patterns show the formation of 
crystalline products which correspond directly to that of Al2O3 and Fe, the products of the 
thermite reaction between Fe2O3 and Al.  Figures 5.9(b) and 5.9(c) also show the x-ray 
diffraction patterns for the post-DTA reaction of the Fe2O3(TMO)/Al and 
Fe2O3(DMO)/Al samples, respectively.  Unfortunately, due to the sample preparation 
procedure of placing Al2O3 powder within the alumina crucibles used in the DTA, the 
post-DTA XRD patterns also include this quantity of Al2O3, thereby making it impossible 
to accurately perform quantitative extent of reaction analysis of the reaction products.  
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Therefore, in examining the post-reaction products to confirm the thermite reaction, it is 
more telling to examine the existence of Fe diffraction peaks at Bragg diffraction angles 
of 44.712°, 65.082°, and 82.416°, corresponding to the (1 1 0), (2 0 0), and (2 1 1) planes, 
respectively.   These three Fe peaks are seen in each of the diffraction patterns of the 
three samples, verifying the thermite reaction.  Also, these diffraction patterns do not 
show the reactant Al.  As many of the reflections of zero-valent Al and Fe overlap, the 
absence of Al is evidenced by the omission of the most intense Al peak located at a 
Bragg angle of 38.5°. 





























Figure 5.9:  X-ray diffraction pattern for the (a) Fe2O3(PO)/Al, (b) Fe2O3(TMO)/Al and 
(c) Fe2O3(DMO)/Al samples post-DTA demonstrating the formation of the thermite 
reaction products, Al2O3 and Fe. 
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 5.3.2 Analysis of reactivity of other Fe2O3/Al nanoenergtic composite systems 
   5.3.2.1 Characterization of other systems prepared from  
    propylene oxide 
 
  In addition to the samples synthesized with a 1:1 stoichiometric ratio of Fe:Al, 
other samples were prepared from the gelation chemicals PO, TMO, and DMO (see 
Table 3.1).   These systems include the addition of 3x the stoichiometric ratio of nano Al 
powder and ½ the stoichiometric ratio of nano Al.  These specific systems were chosen to 
study if the maximum achievable experimental heat of reaction is as it is in the balanced 
thermite reaction (1:1 Fe:Al).  Also, systems were studied with the addition of micron Al 
in contrast to the nano Al.  This study was designed to verify that the larger micron Al 
particles, with lower specific surface values, will result in lower heats of reaction due to 
less interfacial contact area between the iron (III) oxide and Al reaction species.  Finally, 
systems were studied with the addition of carbon nanotubes (CNT).  Carbon nanotubes 
are desired additives to nanoenergetic materials due to their ability to be aligned within 
the gel matrix to add structural integrity to the brittle synthesized gels.  Figure 5.10 shows 
the XRD pattern of the CNT used in the studies.  Due to their amorphous nature, the pre-













Figure 5.10: XRD pattern of the carbon nanotubes (CNT) used in the synthesis of iron 




 Figure 5.11 shows a composite graph of the DTA traces of all the iron (III) 
oxide/aluminum systems studied from the gelation chemical propylene oxide, PO.  The 
1:1 Fe:nano Al sample has the overall highest heat of reaction at -864.4 J/g.  
Interestingly, the 3x stoichiometric nano Al sample displays two exotherms, one with an 
onset of 405°C, peak of 515°C, and integrated heat of reaction of -514.7 J/g and one 
exotherm starting at 650°C, peak of 668°C and an integrated heat of reaction of -33.3 J/g.  
The trace also displays an endotherm with an onset of 630°C and a peak maximum of 
646°C corresponding to the melting of excess, unreacted Al aggregates from the original 
synthesis which here act more as a bulk scale material.  This melting allows for an 
increase in diffusion of aluminum particles in the liquid state enabling the start of a 
second reaction between unreacted iron (III) oxide and aluminum species.  The ½ 
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stoichiometric quantity of nano Al sample also displays an exotherm before the bulk 
melting temperature of aluminum.  The reaction starts at 426°C with a peak temperature 
of 551°C.  The integrated heat of reaction is -554.7 J/g.  Interestingly there is also a 
second exotherm here arising from the melting of aggregates of Al with a heat of reaction 
of -29.5 J/g.  This implies that the initial reaction between iron (III) oxide and aluminum 
does not go to completion, and a second reaction, where there is an increase in diffusion 
of the aluminum particles in the liquid state, is able to occur.  However, the magnitude of 
the second exotherm is considerably smaller than the primary reaction, less than 10% of 
the fraction of the overall magnitude.  Finally, the sample synthesized with 1:1 Fe:nano 
Al plus CNT has an integrated heat of reaction of -689.7 J/g.  The single exotherm starts 
at 427°C with a peak maximum of 561°C.  Based on a per weight basis, CNT do not 
enhance the heat of reaction.   
 The samples synthesized with micron Al follow a different reaction sequence.  
Whereas samples synthesized with nano Al commence reaction at ~430°C, the samples 
synthesized with micron-scale Al commence reaction at much greater temperatures.  The 
1:1 Fe: micron Al sample commences reaction at 872°C with a peak reaction temperature 
of 968°C.  The integrated heat of reaction for this sample is -395.6 J/g.  For this sample, 
no exothermic reaction between the iron (III) oxide and aluminum particles occurs until 
after the micron Al particles melt, as is the traditional mechanism for the thermite 
reaction.  The aluminum particles melt with a peak temperature of 661°C, corresponding 
to the melting point of bulk aluminum.  The 1:1 Fe:micron Al plus CNT sample starts the 
iron (III) oxide/aluminum reaction at 756°C with a peak maximum at 822°C.  The heat of 
reaction is -480.7 J/g.   
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Figure 5.11: Composite figure of the DTA traces of the iron (III) oxide/aluminum 
systems synthesized from the gelation chemical propylene oxide (PO). 
 
 Post-DTA XRD patterns are shown in Figure 5.12.  Whereas the pre-DTA x-ray 
diffraction patterns show an amorphous iron oxide/hydroxide material, the post-DTA x-
ray diffraction patterns show the formation of crystalline products which correspond 
directly to that of Al2O3 and Fe, the products of the thermite reaction between Fe2O3 and 
Al.   Again, unfortunately due to the sample preparation procedure of placing Al2O3 
powder within the alumina crucibles used in the DTA, the post-DTA XRD patterns also 
include this excess quantity of Al2O3, thereby making it impossible to accurately perform 
quantitative extent of reaction analysis of the reaction products.  Therefore, in examining 
the post-reaction products to confirm the thermite reaction, it is more telling to examine 
the existence of Fe diffraction peaks at Bragg diffraction angles of 44.712°, 65.082°, and 
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82.416°, corresponding to the (1 1 0), (2 0 0), and (2 1 1) planes, respectively.   In Figure 
5.12(a), the sample heated with 3x the stoichiometric Al quantity, peaks corresponding to 
unreacted Al are clearly visible.  This indicates that the quantity of iron (III) oxide within 
the system was the limiting reaction factor.  In addition, the most intense Fe peak is 
visible, confirming a successful thermite reaction.  Figures 5.12(b)-5.12(e) all show the 
most intense Fe peak indicating a successful thermite reaction.   











Figure 5.12:  XRD patterns of other iron (III) oxide/aluminum systems heated in a DTA 
to 1000°C  at 10°C/min using propylene oxide as the gelation chemical.  (a) Fe2O3/3x 
stoichiometric ratio of Fe:nano Al (3 x 0.083 g = 0.249 g Al), (b)  Fe2O3/½ stoichiometric 
ratio of nano Al (½ x 0.083 g = 0.0415 g), (c) Fe2O3/1:1 Fe nano Al plus CNT, (d) 
Fe2O3/1:1 Fe:micron Al, and (e) Fe2O3/1:1 Fe:micron Al plus CNT. 
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Figure 5.12 continued 
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  5.3.2.2 Characterization of other systems prepared from trimethylene  
   oxide 
 
 As with the gelation chemical propylene oxide, similar samples were prepared 
from the gelation chemical trimethylene oxide.  Figure 5.13 shows a composite graph of 
the DTA traces of all the iron (III) oxide/aluminum systems studied from the gelation 
chemical trimethylene oxide (TMO).  The 1:1 Fe:nano Al sample has the overall highest 
heat of reaction within the samples synthesized from TMO at -505.8 J/g.  Again, the 3x 
stoichiometric nano Al sample displays two exotherms, one with an onset at 433°C, peak 
of 543°C, and integrated heat of reaction of -388.6 J/g and one exotherm starting at 
650°C, peak of 667°C and an integrated heat of reaction of -31.6 J/g corresponding to the 
reaction initiated after the aluminum aggregates melt and commence a secondary 
reaction.  The trace also displays an endotherm with an onset of 634°C and a peak 
maximum of 647°C corresponding to the melting of excess, unreacted Al aggregates 
from the original synthesis which here act more as a bulk scale material.  The ½ 
stoichiometric quantity of nano Al sample also displays a small exotherm before the bulk 
melting temperature of aluminum.  The reaction starts at 428°C with a peak temperature 
of 479°C.  The integrated heat of reaction is -101.4 J/g.  There is also a second exotherm 
here arising from the melting of aggregates of Al with a heat of reaction of -95.6 J/g.  
Interesting here is that the magnitude of the secondary endotherm is comparable to that of 
the primary reaction.  This is the one exception to the assumption that the second 
endotherm accounts for less than 10% of the overall heat of the iron (III) oxide/aluminum 
reaction.  Finally, the sample synthesized with 1:1 Fe:nano Al plus CNT has an integrated 
 97 
heat of reaction of -483.1 J/g.  The single exotherm starts at 426°C with a peak maximum 
of 559°C.  Again, CNT do not appear to enhance the heats of reaction. 
 The TMO sample synthesized with micron Al again follows a different reaction 
sequence.  The 1:1 Fe: micron Al sample commences reaction at 759°C with a sharp peak 
at a temperature of 810°C.  This repeatable result differs from that of the same micron Al 
samples synthesized from PO and DMO where a sharp peak is seen as opposed to a broad 
exotherm.  The integrated heat of reaction for this sample is -279.9 J/g.  Again, no 
exothermic reaction between the iron (III) oxide and aluminum particles occurs until after 
the micron Al particles melt.  The aluminum particles melt with a peak temperature of 
662°C, corresponding to the melting point of bulk aluminum.  In comparison to similar 
samples synthesized from PO and DMO, the TMO samples have the lowest heats of 
reaction due to the lowest accessible surface area for the aluminum particles to interact 





Figure 5.13: Composite figure of the DTA traces of the iron (III) oxide/aluminum 
systems synthesized from the gelation chemical trimethylene oxide (TMO). 
 
 
 Post-DTA XRD patterns again prove the existence of successful reactions as the 
most intense peak of elemental iron is visible.  As the post-DTA XRD patterns of these 
samples are equivalent to the patterns for the samples synthesized from propylene oxide, 
the XRD patterns of the post-DTA samples are shown in Appendix A. 
 
  5.3.3.3 Characterization of other systems prepared from dimethyl  
   oxetane  
 
 The samples synthesized from dimethyl oxetane (DMO) continue the trend of 
possessing heats of reaction less than those synthesized from PO, but greater than that of 
TMO.  Figure 5.14 shows a composite graph of the DTA traces of the samples 
 99 
synthesized from the gelation chemical DMO.  Within the DMO system, the 1:1 Fe: nano 
Al sample has the highest heat of reaction at -779 J/g.  The single exotherm starts at 
390°C with a peak maximum of 537°C.  The 3x stoichiometric quantity of Al sample 
again displays two exotherms, a lower temperature one that starts at 453°C with a peak 
maximum of 561°C and a heat of reaction of -387 J/g and a higher temperature exotherm 
which has a peak maximum of 690°C with a heat of reaction of -40.0 J/g.  This second, 
higher temperature is a result of the melting of larger aggregates of aluminum particles. 
The one-half stoichiometric quantity of Al starts reaction at 462°C with a peak maximum 
at 627°C.  The integrated heat of reaction for this sample is -488.6.  The 1:1 Fe:nano Al 
sample containing carbon nanotubes has a single broad exotherm where deviation from 
the baseline starts at 467°C with a peak maximum at 583°C.  The integrated heat of 
reaction for this sample is -544 J/g.  The sample synthesized from DMO incorporating 
micron Al follow the same trend as PO.  The 1:1 Fe: micron Al sample does not 
commence the exothermic reaction between iron (III) oxide and aluminum until 870°C 
with a peak maximum at 974°C.  This reaction is a broad exotherm which does not start 




Figure 5.14: Composite figure of the DTA traces of the iron (III) oxide/aluminum 
systems synthesized from the gelation chemical 3,3 dimethyl oxetane (DMO). 
 
 
 Post-DTA XRD patterns again prove the existence of successful reactions as the 
most intense peak of elemental iron is visible.  As the post-DTA XRD patterns of these 
samples are equivalent to the patterns for the samples synthesized from propylene oxide, 
the XRD patterns of the post-DTA samples are shown in Appendix B. 
 
  5.3.3.4 Overview of other systems prepared from PO, TMO, and  
   DMO 
 
 The heats of reaction values are proportional to the measured surface areas of the 
iron (III) oxide matrices in all instances.  This pertains to comparing samples with the 
same synthesis parameters (i.e., the Fe2O3(PO)/1:1 Fe:micron Al, Fe2O3(TMO)/1:1 
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Fe:micron Al, and Fe2O3(DMO)/1:1 Fe:micron Al).  All exotherms from samples 
containing nano Al begin around 430°C, well below the melting point of bulk aluminum, 
660°C. Within systems synthesized from the same gelation chemical, the 1:1 Fe:nano Al 
system has the highest heat of reaction value.  The 3x stoichiometric quantity of nano Al 
samples have the second highest heats of reaction where these samples exhibit two 
exotherms, a first broad exotherm which starts around 430°C and a second exotherm 
which starts after aluminum aggregates melt.  The micron Al containing samples do not 
begin reaction until after the melting point of bulk aluminum.  These samples also 
possess much lower heat of reaction values due to the smaller interfacial surface area 
contact between the iron (III) oxide and aluminum particles.  The addition of carbon 
nanotubes to the samples does not enhance heat of reaction values, but does appear to 
lower the activation barrier for the thermite reaction to start as the CNT containing 
samples customarily have slightly lower start of reaction temperatures. 
 
5.4 Summary of Fe2O3/Al energetic systems 
 
 The sol-gel synthesis of Fe2O3/Al nanoenergetic composite materials using 
different epoxides as gelation agents, a 1,2 epoxide, propylene oxide, and two 1,3 
epoxides, trimethylene oxide and 3,3-dimethyloxetane was studied.  The sol-gel method 
creates a porous iron (III) oxide/hydroxide matrix in which Al particles are able to reside 
within those pores, creating direct interfacial contact between the Fe2O3 and Al particles 
and allowing for successful initiation of a thermitic reaction.  Using the three different 
epoxides results in different Fe(III)xOyHz matrix morphologies which directly affect the 
surface area contact between particles, as evidenced by surface area analysis results of the 
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iron (III) matrix.  Transmission electron microscopy and x-ray diffraction were used to 
characterize the materials revealing the synthesis of an amorphous Fe(III)xOyHz material in 
direct contact with crystalline Al particles for all samples which after heating in a DTA 
results in a successful thermite reaction with reaction products Al2O3 and Fe
(0).  
Differential thermal analysis was used to quantify the heats of reaction for the samples 
showing that surface area of the Fe2O3 matrix is proportional to the exothermic heat of 
reaction for the samples due to the higher interfacial surface area contact between the 
Fe2O3 and Al particles.  DTA also revealed that the onset of the thermite reaction begins 
before the Al particles commence melting.  
 Also, reactivities of other energetic systems were synthesized from PO, TMO, and 
DMO, including: 3x the stoichiometric quantity of nano Al, one-half the stoichiometric 
quantity of nano Al, 1:1 Fe:nano Al along with carbon nanotubes, 1:1 Fe:micron Al, and 
1:1 Fe:micron Al containing carbon nanotubes.  Overall, the heat of reaction values of the 
systems were proportional to measured surface area of the iron (III) oxide matrices.  The 
1:1 Fe:nano Al samples possessed the highest heat of reaction values, where the addition 
of the carbon nanotubes do not enhance the heat of reaction.  The 3x Fe:nano Al and ½ 
Fe:nano Al samples undergo a secondary reaction after the melting of the aggregates of 
aluminum particles.  The reactions of systems containing micron Al do not start until 
after the aluminum particles undergo melting.  Table 5.2 summarizes the heats of reaction 





Table 5.2: Summary of the heat of reaction values for iron (III) oxide systems studied 








Fe2O3(PO)/1:1 nano Al 864.4
Fe2O3(TMO)/1:1 nano Al 505.8
Fe2O3(DMO)/1:1 nano Al 779.0
Fe2O3(PO)/0.5x nano Al 554.5 29.5
Fe2O3(TMO)/0.5x nano Al 101.4 95.6
Fe2O3(DMO)/0.5x nano Al 488.6 48.8
Fe2O3(PO)/3x nano Al 514.7 33.3
Fe2O3(TMO)/3x nano Al 388.6 31.6
Fe2O3(DMO)/3x nano Al 387.0 40.0
Fe2O3(PO)/1:1 micron Al 395.6
Fe2O3(TMO)/1:1 micron Al 279.9
Fe2O3(DMO)/1:1 micron Al 350.3
Fe2O3(PO)/1:1 nano Al CNT 689.7
Fe2O3(TMO)/1:1 nano Al CNT 483.1
Fe2O3(DMO)/1:1 nano Al CNT 544.0









 This chapter outlines the synthesis and characterization of nanoenergetic materials 
synthesized from hydrous ruthenium (IV) oxide and aluminum.  Section 6.2 details the 
synthesis and characterization of the hydrous ruthenium (IV) gels from the addition of 
propylene oxide to hydrated ruthenium (III) chloride solutions.  Section 6.3 describes the 
energetic reactions of hydrous ruthenium (IV) oxide with aluminum in different 
atmospheres, air and argon.  In conclusion, Section 6.4 summarizes the ruthenium 
(IV)/aluminum energetic system. 
 
6.2 Synthesis and characterization of hydrous ruthenium (IV) oxide gels   
 In addition to the synthesis of iron (III) oxide materials, the sol-gel synthesis of 
hydrous ruthenium oxide from the addition of an epoxide, e.g. propylene oxide, to a 
hydrated ruthenium chloride precursor solution to generate a porous ruthenium oxide 
xerogel with nanoscale dimensions of the oxide particles has been studied.  Despite the 
fact that the electronic configuration of Ru is similar to that of Fe (for example, both Ru(0)  
and Fe(0)  have a d8 configuration with a coordination number of 5), the chemistry of its 
oxides bears little resemblance to that of iron.  While there is extensive chemistry 
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associated with the MxOy (M = Fe or Ru) species for both elements, the higher oxidation 
states of Ru are much more easily obtained than for iron.   
The addition of propylene oxide to a hydrated ruthenium chloride precursor 
solution results in a heat-releasing reaction with the formation of a blue-black monolithic 
wet gel in 4 h, as compared to 25 min for the formation of an iron oxide gel from the 
FeCl3
.
6H2O precursor hydrous salt.
39 The slower kinetics in the formation of the 
ruthenium oxide nanonetwork as compared to those of iron oxide nanonetworks may 
result from two main differences between the chloride salts of Fe and Ru: (1) There are 
fewer water molecules in the coordination sphere of the ruthenium halide salt precursor, 
and (2) Ru(III) in the RuCl3.37⋅2.5H2O precursor is reduced much easier to Ru(II) in the 
presence of ethanol than its iron counterpart (where no such reduction takes place). 
Hence, the side reactions involving the Ru(III)/Ru(II) transformations have the effect of 
slowing down the formation of the oxide nanonetwork.   
A porous xerogel of hydrous ruthenium oxide (RuO2⋅xH2O) forms after residual 
solvents in the gel are allowed to evaporate in ambient conditions.  Figure 6.1 shows a 
HRTEM image of the synthesized material, which reveals a porous microstructure having 




Figure 6.1:  High resolution transmission electrom microscopy (HRTEM) image of the 
as-synthesized hydrous ruthenium oxide gel, exhibiting the presence of clusters on the 
order of 40-80 nm. 
 
 X-ray photoelectron spectroscopy was utilized to evaluate the composition of the 
ruthenium oxide material synthesized from the weak base propylene oxide.  Figure 6.2(a) 
shows the general survey spectrum of the material.  Further analysis of the XPS spectrum 
was performed by high-resolution scans of the C(1s)/Ru(3d) and O(1s) regions.  Figure 
6.2(b) shows the high-resolution C(1s)/Ru(3d) region having adjusted the C(1s) peak to 
285.0 eV to compensate for the presence of charging effects in the material.86  This 
region can be deconvoluted into five separate peaks, three related to the C(1s) 
photoelectrons and two associated with the Ru(3d5/2) and Ru(3d3/2) peaks: (A) at a 
binding energy (BE) of 281.7 eV corresponding to the Ru(3d5/2) peak of the material, (B) 
at a BE of 285.0 eV corresponding to aliphatic C–C bonding arising from residual 
ethanol as well as the chloropropanol and propanediol intermediates resulting from the 
sol-gel formation process,39 (C) at a BE of 286.3 eV corresponding to the Ru(3d3/2) peak 
of the material, (D) the more electronegative C–Cl species at a binding energy of 287.5 
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eV originating from the chloropropanol species, and (E) at a BE of 288.7 corresponding 
to the C–O bonding from the same organic compounds mentioned in (A).  (E) is located 
at the highest BE due to the highest electronegativity of oxygen.  It is important to note 
the absence of an epoxide peak in the C(1s)/Ru(3d) high resolution scan.  This is due to 
the fact that propylene oxide is a key component in the reaction and, unlike a traditional 
catalyst, it actually gets consumed during the reaction.  The Ru(3d5/2) peak of the material 
is located at a binding energy of 281.7 eV whereas the related Ru(3d5/2) binding energy 
peak of elemental ruthenium is at 280.0 eV.73  It is known that non-equivalent atoms of 
the same element in a solid give rise to peaks with different BE with increasing BE for 
increasing oxidation state.87  The Ru(3d5/2) peak of the material is located at a higher BE 
than the same peak for anhydrous RuO2, i.e. 280.7-281.0 eV,
103 due to the presence of –
OH functional groups on Ru.104 In this context, it has been reported that the Ru(3d5/2)  
peak for a hydrous ruthenium oxide is located at a BE of 281.4-281.8 eV.105  Therefore, 
based on the analysis of the deconvolution of the Ru(3d5/2) region, it is possible to 
identify the synthesized material as a hydrous ruthenium oxide, RuO2⋅xH2O. 
 The O(1s) region can be deconvoluted into three peaks: (F) 529.5 eV 
corresponding to the lattice oxygen within the ruthenium oxide; (G) 530.8 eV 
corresponding to the oxygen within the chemisorbed water in RuO2⋅xH2O (34); and (H) 
532.5 eV corresponding to the oxygen-carbon bonding of the residual organic diol 
species from the synthesis as well as residual ethanol.  The relative ratios between the 
three experimental O(1s) peaks corresponding to RuO2, RuO2⋅xH2O, and O–C are 
31.1:50.6:18.3, respectively.  This indicates that the majority of the synthesized product 
(~81.7%) is a hydrated ruthenium oxide, with the balance of the sample oxygen 
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originating from residual organic species.  The reported O(1s) peak location for a 
hydrated ruthenium oxide is 529.3 eV for the oxide and 530.5 for the oxygen within the 
adsorbed H2O.
73  These O(1s) values are comparable to the values reported in the 
synthesized material here.  Whereas the O(1s) peak of elemental oxygen is centered at 
532.0 eV, the BE of the oxygen peak of an oxide is lower than pure oxygen – again 
proving the existence of a ruthenium oxide material.90  The O(1s) region is shown in 
Figure 6.2(c).  Also observed in the general scan of the material is the existence of the 
Cl(2s) and Cl(2p) peaks originating from the chloride species of the initial precursor and 
the chloropropanol species at BE of 269.7 eV and 199.3 eV, respectively, and the 
Al(2s1/2), Al(2p1/2) and Al(2p3/2) peaks originating from the Al foil used to house the 
powder sample in the XPS instrument.  The XPS data for the as-synthesized material is 


























Figure 6.2:  The x-ray photoelectron spectra (XPS) of a sol-gel synthesized hydrated 
ruthenium oxide from the weak base propylene oxide.  (a) The general scan of the oxide 
material. (b) The high resolution C(1s)/Ru(3d) core level electrons and its deconvolution 















Figure 6.2 continued 
 
Table 6.1:  The binding energies, full-width half-maximum values, percentage of total 
peak area, and assignment of atoms of the x-ray photoemission spectrum (XPS) of the 
O(1s) and C(1s)/Ru(3d) core electron regions for a hydrous ruthenium oxide sample 
synthesized by the sol-gel process from propylene oxide, corresponding to Figure 6.2. 
 
Peak Label  BE (eV)  FWHM (eV) % of Total Area
Assignment of 
Atoms
A 281.7 2.77 49.7% Ru 3d5/2
B 285.0 2.15 23.1% C-C
C 286.3 1.91 15.2% Ru 3d3/2
D 287.5 1.64 7.2% C-Cl
E 288.7 1.71 4.7% C-O
F 529.5 1.39 31.1% RuO2
G 530.8 1.51 50.6% RuO2⋅xH2O







Figures 6.3 and 6.4 show x-ray diffraction data for the as-synthesized sample as 
well as patterns for the sample after various heat treatments.  Figures 6.3(a) and 6.3(b) 
display the diffraction pattern of the as-prepared gel and the gel heated to 125°C for 2 
hours under nitrogen, respectively.  These patterns show that the synthesized material is 
amorphous with crystallization not occurring until temperatures greater than 125°C.  
Figure 6.3(c) shows the diffraction pattern of a gel specimen heated to 250°C and held for 
2 hours under nitrogen.  The onset of low levels of crystallinity may be observed at this 
temperature, generating broad peaks in the vicinity of Bragg angles of 38°, 44°, and 70°.  
Figure 6.3(d) shows the XRD pattern of a sample heated to 550°C at 10°C/min under 
nitrogen using a DSC.  At this temperature, the material exhibits a higher degree of 
crystallinity with peaks at 38.43°, 42.21°, 44.11°, 58.52°, 69.48°, 78.53°, and 84.75°.  
The broad peaks in Figures 6.3(c) and 6.3(d) are indicative of the presence of zero-valent 
ruthenium metal, while the peaks listed in Figure 6.3(d) correspond directly and 
unequivocally to the (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (1 1 2), and (2 0 1) 
planes of Ru(0), respectively.  Figure 6.3(e) shows the continued trend of the complete 
reduction process of the hydrated ruthenium oxide material to ruthenium metal in an inert 
atmosphere when heated to 1400°C.  Figures 6.3(f) and 6.3(g) show the diffraction 
patterns for Ru(0) and RuO2.  Ji et al. have stated that the reduction of hydrous ruthenium 
oxide to ruthenium metal is due to the presence and affinity of chloride ions, which are 
generated from the ruthenium chloride precursor salt involved in the sol-gel reaction, to 






−∆− ++ →+⋅ OClRuClOxHORu InertGasIV (8)
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(b) 125°C TGA N2
(c) 250°C TGA N2
(d) 550°C DSC N2
(e) 1400°C TGA Ar
 












Figure 6.3:  X-ray diffraction (XRD) patterns of the sol-gel synthesized hydrous 
ruthenium oxide samples heated in inert atmospheres to (a) room temperature, (b) 125°C, 
(c) 250°C, (d) 550°C, and (e) 1400°C and published diffraction patterns for (f) anhydrous 




Pagnaer et al. have postulated also the possibility that the organic matrix, 
stemming from the organic solvent and gelation agent, is oxidized during heating, 
forming carbon monoxide, which is another potential reducing agent, as shown in 
Equation 9.106   
 
 
The reduction of the ruthenium oxide that ensues at temperatures below 250°C is 
most likely due to the thermodynamically-driven propensity of ruthenium oxide to 
decompose to the zero-valent state under low oxygen partial pressure, as is the case 
within the instrument housings of the TGA and DSC under inert gas purging. Hence, a 
possible reaction sequence that could account for the products observed in this sol-gel 




23 34 ⋅+ →⋅ (10)  






As shown in Equation 10, RuIII undergoes disproportionation to (0)Ru  and RuIV. 
The absence of oxygen, or the low oxygen partial pressure during heating cycles under 
inert atmosphere, destabilizes the ruthenium oxide compound and drives the reduction 
reaction shown in Equation 11. The presence of (0)Ru immediately upon the completion 
of the sol-gel reaction, as indicated by Equation 10, cannot be confirmed because of three 




InertGasIV + →+⋅ ∆ (9)
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the Ru(3d5/2)  and Ru(3d3/2) regions with those of C(1s), (2) the very large FWHM of the 
281.7 eV band assigned to Ru(3d5/2), which could also be deconvoluted into an additional 
band in the vicinity of 280.0 eV corresponding to (0)Ru , and (3) the amorphous character 
of the product that does not afford any conclusion based on the x-ray diffraction below 
125 °C. 
Indirect evidence of the initial formation of (0)Ru  from the sol-gel reaction may 
be obtained when examining the behavior of the product mixture upon heating in air. 
Whereas heating the sample in an inert environment results in the complete reduction of 
the hydrated ruthenium oxide to the zero-valent state, heating the sample in air results in 
the formation of an anhydrous ruthenium oxide material. However, the presence of zero-
valent Ru upon heating is still observed under certain conditions.  Figure 6.4(a) shows the 
XRD pattern of the as-prepared amorphous material and Figure 6.4(b) shows the sample 
heated to 300°C for 20 hours in air, where the peaks corresponding to anhydrous 
ruthenium oxide begin to emerge.  Broad peaks can be seen at Bragg angles of 28.4°, 
35.3°, 44.2°, 54.4°, and 69.7°.  The first three of these peaks match the most intense 
peaks of anhydrous RuO2 corresponding to the (1 1 0), (1 0 1), and (2 1 1) planes.  Figure 
6.4(c) shows an XRD pattern of the material heated at 600°C for 20 hours in air showing 
a more crystalline RuO2.  However, peaks related to zero-valent ruthenium clearly remain 
in these patterns.  Figure 6.4(d) displays the XRD pattern of the sample heated at 
10°C/min under air to a temperature of 1400°C.  It is not until this temperature that the 
complete oxidation of all ruthenium within the sample occurs resulting in a pure 







































Figure 6.4:  X-ray diffraction (XRD) patterns of the sol-gel synthesized hydrous 
ruthenium oxide samples heated in air at (a) room temperature, (b) 300°C, (c) 600°C, and 
(d) 1400°C and published diffraction patterns for (e) anhydrous RuO2 and (f) Ru
(0). 
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Another possible explanation for the presence of (0)Ru  in the samples is that some 
of the surface oxygen atoms in the samples heated in air to 300°C and 600°C, generated 
by the thermodynamic instability of the ruthenium oxide with increased temperature, may 
have desorbed due to the lack of a sufficient supply of atmospheric oxygen to replenish 
the lost oxygen.  This decomposition results in a Ru(0) surface and bulk anhydrous RuO2, 
resulting in the presence of both phases in the XRD patterns.  However, the sample 
heated to 1400°C in the TGA is able to replenish the surface oxygen liberated from this 
high-temperature thermal decomposition due to a continuous source of oxygen flowing 
over the sample surface, maintaining a high oxygen partial pressure and prohibiting this 
spontaneous decomposition, thus resulting in a single phase material, anhydrous RuO2, as 
seen in the XRD pattern.  
This change in material composition after heating the sample to different 
temperatures under different atmospheres can be further evaluated using thermo-
gravimetric analysis (TGA) profiles.  Figure 6.5 shows the changes in the mass fraction 
of the two samples as they are heated under two different atmospheres, air and argon.  
Both samples lose a substantial fraction of their mass up to ~270°C.  The sample heated 
in air loses ~45% and the sample heated in argon loses ~55% of their respective total 
weights.  This loss is attributed to loss of adsorbed water in the material as well as the 
loss of residual organics remaining from the initial ambient drying procedure.  For the 
sample heated in an inert atmosphere, weight loss essentially ceases at this temperature 
until 1400°C.  Similarly to XPS and XRD data, the TGA results also confirm that the as-
prepared hydrous ruthenium oxide is reduced to the zero-valent state when heated in an 
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inert atmosphere.  If the weight loss data in both atmospheres, air and argon, is 
normalized between the temperatures 300°C and 1000°C (the temperature range where 
almost no weight loss is observed), a simple weight ratio of Ru metal to RuO2 (0.76) is 
equal to the normalized ratio of the weights of the samples heated in argon and air (0.77).  
This value shows that the sample heated in argon does not have the associated weight of 
the two oxygens in RuO2 and the additional 10% weight loss below 300°C can be 
considered a result of the liberation of oxygen formerly coordinated with the oxide.  Also, 
at 1400°C, the total remaining weight percent is 37.8%.  This corresponds well to the 
total weight percent of 35.5% of ruthenium of the synthesized material found by 
elemental analysis.  Therefore, the sample heated in argon can be considered Ru(0) and 






















Figure 6.5:  Thermogravimetric analysis (TGA) thermal profile for the decomposition of 
hydrated ruthenium oxide samples heated to 1400°C at a heating rate of 10°C/min in two 
different atmospheres, air and argon.   
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Above 300°C, the weight loss of the sample heated in air is minimal until 1000°C, 
at which point a drastic drop in weight is seen.  This weight loss can be explained as 
spontaneous decomposition of the oxide at a temperature greater than 600°C as the 
ruthenium-oxygen bonds break, and the oxygen is liberated as O2.
107  This decomposition 
may also explain the existence of Ru(0) in the XRD patterns of the samples heated in air, 
but not in the TGA, due to a deficiency of a continuous flow of oxygen that could drive 
the thermodynamic equilibrium towards the oxide, as shown in Equation 13: 
 
 
oT > 600 C
2 2RuO  Ru(s) + O (g)→ ↑      (13) 
 
This high temperature weight loss can also be explained by the reactions that 

















In these reactions, higher valency gaseous ruthenium oxide species form on the 
surface of the sample and are eventually purged from the sample, resulting in a decrease 
in sample weight at high temperatures.  RuO3(g) is the dominant species found at 
temperatures greater than 1000°C and RuO4(g) is dominant around 800°C.
73  As the 
sample heated in argon does not show a decrease in sample weight above 1000°C, neither 
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the ruthenium-oxygen bond decomposition nor the high temperature formation of higher 
valency gaseous ruthenium oxide species occurs, indicating a complete absence of 
oxygen in the system and, therefore, the sole existence of Ru(0).   
Figure 6.6 shows the differential thermal analysis (DTA) data of the samples 
heated in air and argon from room temperature to 1400°C.  Both samples display small 
endotherms below 150°C resulting from the loss of water.63  The sample heated in air 
displays a sharp exotherm at 250°C due to crystallization of the as-synthesized 
amorphous material and a broad exotherm starting at 300°C due to a continued increase 
in crystallinity of the sample over the entire temperature range.  The sample heated in 
argon displays a smaller exotherm at 235°C due to the competing endothermic 
decomposition of the hydrous oxide to Ru(0) with the exothermic crystallization of these 
zero-valent atoms in this temperature range.  As with the sample heated in air, a broad 
exotherm beginning at 300°C can be seen.  Its magnitude is smaller due to an overall 
lower level of crystallization.  This relative increase in crystallinity for samples in both 































Figure 6.6:  Differential thermal analysis (DTA) data for the synthesized hydrous 




6.3 Characterization of hydrous ruthenium (IV) oxide/aluminum energetic systems   
 6.3.1 Synthesis Results 
The addition of propylene oxide to a hydrated ruthenium chloride and nano-scale 
aluminum precursor solution results in a heat-releasing reaction with the formation of a 
blue-black monolithic wet gel in 4 hours.  Figure 6.7 shows a representative HRTEM 
image of the RuO2⋅xH2O/Al synthesized material.  The image reveals an interconnected 
microstructure of individual ruthenium oxide particles of 3-5 nm forming clusters with 
diameters ranging from 40-80 nm in direct contact to spherical Al particles with diameter 




Figure 6.7: HRTEM image showing interconnected individual hydrous RuO2 particles (3-
5 nm) in direct contact with spherical Al particles (25-60 nm). 
 
 
Figure 6.8 shows the XRD pattern of the sample synthesized with 0.083 g Al.  
Peaks can be found at Bragg angles of 38.56°, 44.80°, 65.22°, and 78.50°.  These peaks 
directly correspond to elemental aluminum, and the (1 1 1), (2 0 0), (2 2 0), and (3 1 1) 
planes, respectively.  The absence of additional peaks demonstrates the amorphous 
character of the hydrous ruthenium oxide, which has been previously examined.  Also, 
the absence of Al2O3 peaks shows the Al particles did not appreciably oxidize during 
synthesis or processing.  
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Figure 6.8: XRD pattern of the synthesized hydrous RuO2/Al material using sol-gel 
chemistry.  Peaks are located at Bragg angles of 38.56°, 44.80°, 65.22°, and 78.50°, 
corresponding to elemental Al.  The lack of additional peaks demonstrates the amorphous 
character of the hydrous ruthenium oxide. 
 
 
 6.3.2 Heating the hydrous ruthenium oxide/Al gels under inert conditions 
 The four synthesized gels with varying Al concentrations (0.083 g, 0.064 g, 0.027 
g, and no Al) were heated in a DTA at 10°C/min using argon as the purge gas at a flow 
rate of 20.00 mL/min.  Figure 6.9 shows the DTA traces for the samples.  In general, each 
trace is similar with small endotherms around 100°C corresponding to the loss of water.  
Exotherms around 200°C correspond to the crystallization of the amorphous ruthenium 
oxide.  Endotherms around 300°C show the decomposition of the oxide into elemental 
Ru, as previously discussed in section 6.2.  Finally, there is the existence of exotherms in 
the range of 450°C to 625°C for the three Al-containing samples. As there is no exotherm 
in this vicinity for the non-Al containing sample, this indicates that this corresponds to 
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the exothermic reaction of the Ru and Al particles.108  This exotherm is the result of a 
solid-state reaction as the reaction occurs below the melting point of both constituents.109  
The melting point of Al is 660.5°C and the melting point of Ru is 2334°C.100  The 
integrated heats of reaction for the three samples containing Al were calculated:  (a) -500 
J/g for the RuO2⋅xH2O/0.083 g Al sample, (b) -288 J/g for the RuO2⋅xH2O/0.064 g Al 
sample, and (c) -25.5 J/g for the RuO2⋅xH2O/0.027 g Al sample.  Here it can be seen that 
the heat of reaction is proportional to the initial concentration of Al within the samples.  


































Figure 6.9:  DTA traces of the synthesized RuO2⋅xH2O/Al gels heated at 10°C/min using 
argon as the purge gas.  Note the crystallization exotherms around 200°C, the 
endothermic decomposition around 300°C, and the exotherms in the range of 450°C-
625°C for the samples (a) RuO2⋅xH2O/0.083g Al, (b) RuO2⋅xH2O/0.064 g Al, (c) 





































Figure 6.10: Expanded view of the DTA exotherm for the samples heated under argon in 
the vicinity of 450°C-625°C of (a) RuO2⋅xH2O/0.083g Al, (b) RuO2⋅xH2O/0.064 g Al, (c) 
RuO2⋅xH2O/0.027 g Al, and (d) RuO2⋅xH2O/no Al. 
 
 To analyze the products formed after the samples were heated to 1000°C under 
argon, x-ray diffraction patterns were taken of the samples after the heat treatment.  
Previous studies have shown that heating the RuO2⋅xH2O sample without Al under argon 
to 1000°C results in the complete reduction of the original hydrous ruthenium oxide 
material to elemental ruthenium, Ru(0).  Figure 6.11(a) shows the pattern of the 
RuO2⋅xH2O/0.083g Al sample where the amorphous character of the as-synthesized 
material has transformed into a material of higher crystallinity.  Analysis of the 
diffraction pattern reveals the formation of the intermetallic RuAl2 as well as the most 
intense reflection of elemental Ru.  The formation of the intermetallic establishes that the 
original hydrous RuO2 has been completely reduced to Ru metal before reaction with the 
Al particles, as seen in the DTA trace.  Also, the specific formation of the intermetallic 
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RuAl2 is expected, as the atomic fraction of Ru to Al from the original precursors is 33% 
(again this value was calculated using the elemental analysis data of the as-purchased Ru 
(III) chloride salt which has an exact molecular weight of 265.6 g/mol).  From a 
published Ru/Al phase diagram, this ratio of Ru to Al will result in the formation of the 
intermetallic phase RuAl2.
83  This phase diagram is seen in Figure 6.12.  Also, due to 
non-stoichiometric concentrations of Ru to Al, a small quantity of unreacted Ru is seen in 
the diffraction pattern.  Figure 6.11(b) shows the diffraction pattern of the 
RuO2⋅xH2O/0.064g Al sample after heating in argon to 1000°C in a DTA.  Here, the 
diffraction pattern can be seen to contain the phases RuAl2, Ru2Al3, and Ru.  The atomic 
fraction of Ru to Al in this sample is 40%.  This fraction on the experimentally 
constructed Ru/Al phase diagram corresponds to Ru2Al3, however here we report the 
formation of the intermetallics Ru2Al3 and RuAl2, neighboring phases on the phase 
diagram.  Again, excess elemental Ru can be seen in the diffraction pattern.  Figure 
6.11(c) shows the diffraction pattern of the RuO2⋅xH2O/0.027g Al sample.  Here, the 
most intense peaks of the intermetallic RuAl can be seen along with excess elemental Ru.  
The atomic fraction of Ru to Al for this sample is 61%, which corresponds well to phase 
diagram information.  Figures 6.11(d)-6.11(h) show the theoretical diffraction patterns 
for RuAl2, Ru2Al3, RuAl, Ru
(0), and RuO2, respectively. 
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Figure 6.11:  XRD patterns of post-DTA RuO2⋅xH2O/Al samples heated to 1000°C under 
argon at 10°C/min for (a) RuO2⋅xH2O/0.083 g Al, (b) RuO2⋅xH2O/0.064 g Al, and (c) 
RuO2⋅xH2O/0.027 g Al.  Also, the theoretical diffraction patterns are shown for (d) 
RuAl2, (e) Ru2Al3, (f) RuAl, (g) Ru





Figure 6.12: Phase diagram of the Ru/Al system.83 
 
 
 The heating of RuO2⋅xH2O/Al samples within the chamber of a DTA using argon 
as the purge gas results in the formation of RuxAly intermetallics of varying 
stoichiometries.  The stoichiometry is directly related to the ratio of Ru atoms from the 
original hydrated ruthenium chloride salt to the number of Al atoms added to the 
solution.  Also, the intensity of the (1 0 1) plane for Ru, the most intense peak, increases 
as the quantity of Al decreases.  It should be noted that none of the samples containing Al 








 6.3.3 Heating the hydrous ruthenium (IV) oxide/Al gels in air 
 The three samples containing Al (RuO2⋅xH2O/0.083 g Al, RuO2⋅xH2O/0.064 g Al, 
and RuO2⋅xH2O/0.027 g Al), as well as the sample not containing Al were heated in a 
DTA at 10°C/min using an air purge at 20.00 mL/min.  Figure 6.13 shows the DTA 
traces of these samples.  Again, general statements can be made for the samples.  Small 
endotherms around 100°C can be seen corresponding to the loss of water; large, broad 
exotherms in the range of 100°C to 300°C correspond to crystallization of the amorphous 
material; and small exotherms around 400°C again correspond to crystallization.  Yet 
again, exotherms of varying intensities in the range of 450°C-625°C can be seen for the 
aluminum containing samples where the sample without Al does not show this exotherm, 
thus indicating a reaction with the Al particles.  There is a direct relationship between the 
amount of Al in the sample and the related integrated heat of reaction of this exotherm.  
The RuO2⋅xH2O/0.083g Al sample possesses an integrated heat of reaction of -1,199 J/g, 
the RuO2⋅xH2O/0.064g Al sample has a heat of reaction of -1,059 J/g, and the 
RuO2⋅xH2O/0.027g Al sample has a heat of reaction of -392 J/g.  Figure 6.14 displays this 


































Figure 6.13:  DTA trace of RuO2⋅xH2O samples synthesized from sol-gel chemistry 
heated to 1000°C at 10°C/min in air containing different concentrations of Al particles:  







































Figure 6.14: Expanded view of the DTA exotherm for the samples heated in air in the 
vicinity of 450°C-625°C for (a) RuO2⋅xH2O/0.083g Al, (b) RuO2⋅xH2O/0.064 g Al, (c) 
RuO2⋅xH2O/0.027 g Al, and (d) RuO2⋅xH2O/no Al. 
 
 
 Figure 6.15 shows the post-DTA x-ray diffraction patterns for the samples.  
Previous work has shown that the sol-gel synthesized RuO2⋅xH2O loses adsorbed water 
and transforms into crystalline RuO2 when heated in air in a DTA to 1000°C.  Figure 
6.15(a) shows the XRD pattern for the RuO2⋅xH2O/0.083g Al sample.  Analysis of the 
pattern reveals that after heating to 1000°C, the sample possesses increased crystallinity 
and can be identified as entirely anhydrous RuO2.  Figures 6.15(b) and 6.156(c) show that 
the other two Al containing post-DTA samples also reveal the sole existence of 
anyhydrous RuO2 in their respective diffraction patterns.  A similar loss of Al during 
reaction has been reported previously.109  With the traditional Fe2O3/Al thermite reaction, 
the reaction products are Al2O3 and Fe arising from the oxidation-reduction reaction.  
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Here we are possibly witnessing an analogous thermite reaction.  The RuO2 and Al 
phases are reacting in such a manner that there is a complete disappearance of the Al 
phase from the sample.  The combustion temperature is the maximum temperature 
reached during the exothermic reaction in the formation of intermetallics.110  It was 
reported that the combustion temperature in the formation of RuAl increased as Ru 
particle size decreased in the micron-scale.  If this trend continued, it is possible that the 
increased reduction in Ru particle size to the nano-scale could increase the combustion 
temperature to a value high enough to essentially vaporize the Al particles resulting in the 
sole existence of Ru based products.  Also, a detailed analysis of the XRD patterns shows 
that the peaks are consistently shifted to higher diffraction angles indicating a possible 


































Figure 6.15:  X-ray diffraction patterns of the (a) RuO2⋅xH2O/0.083g Al, (b) 
RuO2⋅xH2O/0.064g Al, and (c) RuO2⋅xH2O/0.027g Al samples heated at 10°C/min in air 
in a DTA.  Phase analysis confirms all samples are anhydrous RuO2, as demonstrated by 




 To study the exotherm in the temperature range of 450°C to 625°C, the 
RuO2⋅xH2O/0.083g Al sample was heated in a DTA at 10°C/min in air to 430°C, a 
temperature slightly less than the temperature the exotherm commences.  Figure 6.16(a) 
shows the resulting x-ray diffraction pattern of this sample.  Analysis of this diffraction 
pattern reveals the existence of the most intense reflections of both anhydrous RuO2 and 
Al, as shown by the theoretical diffraction patterns for these phases in Figures 6.16(b) 
and 6.16(c), respectively.  The data confirms that this exotherm corresponds to the 
reaction of RuO2 and Al, the two phases present just as the reaction starts. 
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Figure 6.16:  (a) X-ray diffraction pattern of the RuO2⋅xH2O/0.083g Al sample heated at 
10°C/min to 430°C in air using a DTA.  Theoretical x-ray diffraction patterns for (b) 





6.4 Summary of hydrous RuO2/Al energetic systems 
 
 Hydrous ruthenium oxide (RuO2⋅xH2O) xerogels were synthesized through the 
addition of a 1,2 epoxide, propylene oxide, to hydrated ruthenium chloride, RuCl3
.
xH2O, 
in ethanol.  After a blue-black monolithic gel formed in 4 hours, the samples were 
allowed to age for 24 hours and were dried in ambient conditions.  The dried samples 
were then characterized by XPS, XRD, DTA and TGA.  XPS showed the Ru(3d5/2) peak 
at a binding energy of 281.7 eV, corresponding to that of hydrous ruthenium oxide.  XRD 
data revealed the synthesized material as amorphous, with heating the sample in inert 
atmospheres causing complete reduction of the oxide to the zero-valent state whereas 
heating the sample in air resulting in both crystalline anhydrous RuO2 and zero-valent 
ruthenium, depending on the method of heating.  DTA traces show an endotherm ending 
at 150°C corresponding to the loss of coordinated water as well as two higher 
temperature crystallization exotherms when the sample is heated in both inert and 
oxygen-rich atmospheres.  TGA runs also confirmed the complete reduction of the 
hydrous oxide when heated in nitrogen below 270°C and the formation of anhydrous 
ruthenium oxide when heated in air, confirming the XRD results. 
 Characterization of the RuO2/Al nanoenergetic samples display major differences 
and some similarities have been identified when comparing the RuO2⋅xH2O/Al samples 
of varying Al concentration heated in the different atmospheres of argon and air.  From 
DTA traces, all samples in both environments show endotherms below 100°C due to the 
loss of water, crystallization exotherms in the temperature region of 200°C, and reaction 
exotherms in the temperature range of 450°C to 625°C.  Differences, however, outweigh 
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the similarities.  The samples heated in argon show an endotherm at 300°C corresponding 
to the reduction of the crystalline RuO2 to Ru
(0).   This reduction results in the reaction of 
elemental Ru and Al to form intermetallics of varying stoichiometries.  The stoichiometry 
specifically depends on the original concentration of Al in the sample.  The samples 
heated in air do not encounter this reduction to elemental Ru, thereby the reaction occurs 
between RuO2 and Al.  However, post-DTA XRD patterns show the sole existence of 
anhydrous RuO2 with the absence of Al.  
 Also, the integrated heat of reaction for the reaction between the Ru and Al 
species is dependent on the original aluminum concentration from synthesis.  In general, 
the more Al present in the sample before reaction, the higher the heat of reaction.  This 
generality holds for the samples heated in air and argon.  However, in comparing the 
heats of reaction for the samples heated in both environments, the samples heated in air 
had heats of reaction greater than two times that of the samples heated in argon. 




OVERALL ENERGETIC COMPARISON OF THE  
IRON (III) OXIDE/ALUMINUM AND  
RUTHENIUM (IV) OXIDE/ALUMINUM SYSTEMS 
 
7.1 Overview 
 This chapter presents a summary of the reactions that were studied for the iron 
(III) oxide/aluminum and ruthenium (IV) oxide/aluminum energetic systems presented in 
this work. 
 
7.2 Overall energetic comparison of the Fe2O3/Al and RuO2/Al systems 
 The aluminum-containing iron (III) oxide and ruthenium (IV) oxide energetic 
systems presented in this work possess a wide range of heats of reaction.  Table 7.1 
provides a summary of the reactions studied in this work, including: sample designation, 
heat of reaction, secondary heat of reaction, if applicable, peak temperature of reaction(s), 
and reaction products.  The secondary heats of reaction correspond to exothermic 
reactions occurring after aggregations of nano-scale aluminum particles melt, enabling a 
second reaction between the iron (III) oxide and aluminum phases.  Reaction products 
were all confirmed by x-ray diffraction.  From this table, specific materials systems can 


















Reaction(s) ( °C) Reaction Products
RuO2⋅x H2O/0.083 g Al (air) -1199.0 534 RuO2
RuO2⋅x H2O/0.064 g Al (air) -1059.0 534 RuO2
Fe
(III)
xOyHz(PO)/1:1 nano Al -864.4 567 Al2O3, Fe
Fe
(III)
xOyHz(DMO)/1:1 nano Al -779.0 538 Al2O3, Fe
Fe
(III)
xOyHz(PO)/1:1 nano Al CNT -689.7 565 Al2O3, Fe
Fe
(III)
xOyHz(PO)/0.5x nano Al -554.5 -29.5 553, 745 Al2O3, Fe
Fe
(III)
xOyHz(DMO)/1:1 nano Al CNT -544.0 576 Al2O3, Fe
Fe
(III)
xOyHz(PO)/3x nano Al -514.7 -33.3 514, 668 Al2O3, Fe, excess Al
Fe
(III)
xOyHz(TMO)/1:1 nano Al -505.8 570 Al2O3, Fe




xOyHz(DMO)/0.5x nano Al -488.6 -48.8 627, 760 Al2O3, Fe
Fe
(III)
xOyHz(TMO)/1:1 nano Al CNT -483.1 557 Al2O3, Fe
Fe
(III)
xOyHz(PO)/1:1 micron Al CNT -470.7 821 Al2O3, Fe
Fe
(III)
xOyHz(PO)/1:1 micron Al -395.6 969 Al2O3, Fe
RuO2⋅x H2O/0.027 g Al (air) -392.0 539 RuO2
Fe
(III)
xOyHz(TMO)/3x nano Al -388.6 -31.6 541, 664 Al2O3, Fe, excess Al
Fe
(III)
xOyHz(DMO)/3x nano Al -387.0 -40.0 562, 690 Al2O3, Fe, excess Al
Fe
(III)
xOyHz(DMO)/1:1 micron Al -350.3 971 Al2O3, Fe




xOyHz(TMO)/1:1 micron Al -279.9 809 Al2O3, Fe
Fe
(III)
xOyHz(TMO)/0.5x nano Al -101.4 -95.6 479, 676 Al2O3, Fe






 This work has detailed the synthesis of nanoenergetic materials through sol-gel 
chemistry for the Fe2O3/Al and RuO2/Al systems.  In addition to thermal analysis of the 
exothermic reactions, characterization of the as-synthesized and post-reaction samples 
was performed by diffraction, imaging, and spectroscopic techniques.  Also, mechanistic 
elucidation of the sol-gel epoxide addition synthesis was studied in order to verify a 
proposed ‘proton scavenging’ mechanism. 
 
Elucidation of the ‘proton scavenging’ mechanism 
 
 The intent of the work was to continue the study on the published theory of the 
sol-gel synthesis of iron (III) oxide/hydroxide materials characterized by the addition of a 
weak base epoxide, propylene oxide, to an iron nitrate solution.  Two epoxides, 
propylene oxide and tetrahydrofuran, and a heterocyclic nitrogen compound, pyridine, 
have been successfully used in the synthesis of porous iron (III) oxide-based materials.  
X-ray photoelectron spectroscopy, x-ray diffraction, infrared spectroscopy, transmission 
electron microscopy and atomic force microscopy have been used to characterize the new 
materials.  Detailed analysis of XPS data has revealed the formation of an iron (III) 
oxide/hydroxide in each of the three individual syntheses. TEM and AFM images show a 
naturally porous surface structure with individual nanoscale Fe(III)xOyHz clusters.  The 
broadening of peaks in the x-ray diffraction pattern was also consistent with the 
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nanocrystalline nature of the particles that were formed. In addition to synthesizing new 
materials from other weak bases, reaction mechanisms have been proposed stemming 
from a ‘proton scavenging’ mechanism.  Mechanistically, the ‘proton scavenging’ 
mechanism is indeed relevant for all three syntheses.  The epoxides, i.e. propylene oxide 
and tetrahydrofuran, scavenge protons from the hydrated iron complexes to form 
protonated epoxides, which are then irreversibly ring-opened to form diols. Pyridine also 
reacts with the hydrated iron complexes, extracting protons, to form the protonated 
pyridinium ion.  Reaction mechanisms were confirmed by pH, XPS, and infrared 
spectroscopy data.   
Fe2O3/Al nanoenergetic materials systems 
 The intent of the work was to study and expand upon the sol-gel synthesis of 
Fe2O3/Al nanoenergetic composite materials using different epoxides as gelation agents, 
a 1,2 epoxide, propylene oxide, and two 1,3 epoxides, trimethylene oxide and 3,3-
dimethyloxetane.  The sol-gel method creates a porous iron (III) oxide/hydroxide matrix 
in which Al particles are able to reside within those pores, creating direct interfacial 
contact between the Fe2O3 and Al particles and allowing for successful initiation of a 
thermitic reaction.  Using the three different epoxides results in different Fe(III)xOyHz 
matrix morphologies which directly affect the surface area contact between iron (III) 
oxide and aluminum particles, as evidenced by surface area analysis results of the as-
synthesized iron (III) matrix.  Transmission electron microscopy and x-ray diffraction 
were used to characterize the materials revealing the synthesis of an amorphous 
Fe(III)xOyHz material in direct contact with crystalline Al particles for all samples, which, 
after heating in a DTA, result in a successful thermite reaction with reaction products 
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Al2O3 and Fe
(0).  Differential thermal analysis was used to quantify the heats of reaction 
for the samples showing that surface area of the Fe2O3 matrix is proportional to the 
exothermic heat of reaction for the samples due to the higher interfacial surface area 
contact between the Fe2O3 and Al particles.  DTA also revealed that the onset of the 
thermite reaction begins before the Al particles commence melting.  
 Iron (III) oxide matrices were synthesized from propylene oxide (PO), 
trimethylene oxide (TMO), and 3,3 dimethyl oxetane (DMO), to which other materials 
were added to study their energetic characteristics.  These included 1:1 Fe:nano Al, 3x 
the stoichiometric quantity of nano Al, ½ the stoichiometric quantity of nano Al, 1:1 
Fe:nano Al plus the addition of carbon nanotubes (CNT), 1:1 Fe: micron Al, and 1:1 Fe: 
micron Al plus CNT.  After heating these samples in a DTA to 1000°C, the exothermic 
outputs were tabulated.  The PO-synthesized samples, with the greatest oxide matrix 
surface area available for contact with aluminum particles, consistently had the highest 
heat of reaction values.  DMO-prepared samples, with the second highest oxide matrix 
surface area, had the second highest heat of reaction values for its samples.  TMO 
samples, with the smallest oxide matrix surface area for the oxidant and fuel particles to 
contact, had the lowest heat of reaction values.   
 Within each gelation chemical system, the 1:1 Fe:nano Al consistently had the 
highest integrated heat of reaction values.  The 3x nano Al and ½ nano Al samples had 
two exotherms, a primary exotherm accounting for ~90% of the magnitude of the 
exotherm corresponding to the solid-state reaction between the iron (III) oxide and 
aluminum particles, and a secondary reaction due to the melting of unreacted aluminum 
and iron oxide particles.  This secondary exotherm arises from an increase in diffusion of 
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the aluminum particles in the liquid state to react with the iron (III) oxide particles.  Also, 
the addition of carbon nanotubes to the syntheses does not enhance reaction output.  
Whereas samples synthesized with nano-scale aluminum particles start the exothermic 
thermite reaction at ~430°C, the samples synthesized with micron-scale aluminum did 
not react until ~800°C, after the aluminum particles melt at ~660°C. 
 
RuO2/Al nanoenergetic materials systems 
 The intent of this work was to study the sol-gel synthesis of hydrous ruthenium 
oxide from the addition of a 1,2 epoxide to a hydrated ruthenium chloride solution.  After 
verifying that gelation successfully occurs 4 hours after the addition of the epoxide, 
characterization of the material was carried out by XPS, XRD, DTA, and TGA.  Through 
deconvolution of the C(1s)/Ru(3d) region, XPS established that the synthesized gel 
material was a hydrous ruthenium oxide, RuO2⋅xH2O, which also contains residual 
organic species not removed during the drying process.  After heating the hydrous 
ruthenium oxide in inert and oxygen-containing atmospheres to temperatures up to 
1400°C, evaluation of the XRD patterns showed that the as-prepared material was 
amorphous and samples heated in inert atmospheres were completely reduced to Ru(0) 
below 250°C.  XRD patterns of samples heated in air revealed the existence of anhydrous 
RuO2 as well as Ru
(0), unless a continuous supply of oxygen was present in the system to 
maintain a high oxygen partial pressure to thermodynamically maintain the oxide as the 
stable phase.  DTA traces show an endothermic loss of water below 150°C, with 
exotherms for samples heated in both air and argon due to crystallization.  The lower 
temperature exotherm of the sample heated in argon is smaller than the corresponding 
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sample heated in air due to the competing endothermic decomposition of the hydrous 
oxide into ruthenium metal and oxygen gas in the same temperature interval.  TGA data 
also illustrates that the synthesized material contained approximately 45% organic 
material by weight which is evolved below 250°C with the complete reduction of the 
original material to Ru(0) below 250°C for the sample heated in argon.  Also, the TGA 
trace demonstrates that the sample heated in air becomes an anhydrous ruthenium oxide 
by this same temperature with high temperature weight loss due to the well-known 
formation of gaseous higher valency ruthenium oxide species as well as high temperature 
thermal decomposition of the RuO2 species into ruthenium metal and oxygen gas.  
 Energetic samples were synthesized with varying concentrations of nano-scale 
aluminum (RuO2⋅xH2O/0.083 g Al, RuO2⋅xH2O/0.064 g Al, RuO2⋅xH2O/0.027 g Al, and 
RuO2⋅xH2O/no Al).  These samples were heated in a DTA to 1000°C in different 
atmospheres, air and argon.  For the samples heated in argon, the RuO2⋅xH2O matrix is 
completely reduced to Ru(0) before reaction with the aluminum particles where the 
integrated heats of reaction for these samples are proportional to the initial concentration 
of aluminum.  Post-DTA XRD patterns show the formation of crystalline intermetallics.  
The stoichiometry of the RuxAly intermetallic formed depends on the ratio of Ru:Al from 
the original syntheses, as determined by the Ru/Al phase diagram. 
 The RuO2/Al energetic samples heated in air start reaction at ~430°C.  Again, 
heats of reaction values for these samples are proportional to the initial aluminum 
concentration with higher quantities of aluminum having higher heat of reaction values.  
Post-DTA x-ray diffraction patterns for all the samples heated in air show the sole 
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existence of anhydrous RuO2, the diffraction peaks for Al are absent in the patterns.  This 
is due to the reaction in air producing enough heat to essentially vaporize the Al particles. 
 
Overall energetic comparison of synthesized samples 
 In comparing the Fe2O3/Al and RuO2/Al systems heated in air and argon, the 
RuO2/0.083 g Al sample heated in air has the highest heat of reaction value at -1,199 J/g.  
The RuO2/0.027 g Al sample heated in argon has the lowest heat of reaction value at -25 








 This research project was successful in confirming a sol-gel synthesis mechanism 
where weak base molecules, propylene oxide, tetrahydrofuran, and pyridine, induce 
gelation of an iron (III) salt aqueous solution.  XRD, XPS pH, and IR data were 
instrumental in determining reaction mechanisms for these molecules.  Utilizing other 
weak base molecules as gelation chemicals and determining their respective reaction 
mechanisms would establish if they also follow the ‘proton scavenging’ mechanism.  
Also, times to gelation are presented for the Fe2O3 and RuO2 systems; however, no 
definitive study on the kinetics of time to reaction is presented.  A kinetic study on the 
gelation of hydrated metal salt would be instrumental in ensuring the proper time to add 
the fuel component to the sol to keep the fuel particles well-distributed within the metal 
oxide matrix, a key variable in maximizing heat of reaction values.  The study would 
involve how the metal salt anion, metal salt concentration, concentration of water within 
the sol, and gelation chemical effect gelation time.  Another vital component 
recommended studying in the synthesis of energetic materials with differing metal oxide 
matrix morphologies is to examine how the gelation chemical produces specific metal 
oxide morphology.  In this study, using the gelation chemicals propylene oxide and 
trimethylene oxide, for example, produce very different oxide matrices with different 
matrix surface area values.  When the fuel component is added to the metal oxide matrix 
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with different geometries, different reaction heats can be expected, therefore it is possible 
to control the heat output from a specific system.  
 For characterization of the energetic materials, fuels other than aluminum could 
be studied, e.g. tantalum, as well as using smaller diameter aluminum particles to study 
how that effects heat of reaction values.  Also, it is recommended to continue to study the 
exothermic reaction of other Group 8 metal oxide matrices with similar electronic 
configurations, e.g. osmium oxide, with fuel particles.  As the Fe2O3/Al systems were 
studied using different gelation chemicals to produce different iron (III) oxide matrix 
morphologies, the same study on the effect of heat of reaction on gelation chemical 
should be completed on the RuO2/Al system.  Most importantly, it is recommended to 
study the Fe2O3/Al systems heated in air.  The current study heated the samples in argon, 
which possibly could suppress full reaction potential, as seen with the RuO2/Al systems 












X-ray Diffraction Patterns of Other Systems Synthesized from the 
Gelation Chemical Trimethylene Oxide (TMO) 
 
 148 
























Figure A.1: XRD patterns of other iron (III) oxide/aluminum systems heated in a DTA to 
1000°C  at 10°C/min using trimethylene oxide as the gelation chemical.  (a) Fe2O3/3x 
stoichiometric ratio of Fe:nano Al (3 x 0.083 g = 0.249 g Al), (b)  Fe2O3/½ stoichiometric 
ratio of nano Al (½ x 0.083 g = 0.0415 g), (c) Fe2O3/1:1 Fe nano Al plus CNT, (d) 
Fe2O3/1:1 Fe:micron Al, and (e) Fe2O3/1:1 Fe:micron Al plus CNT. 
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Figure A.1 continued 
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X-ray Diffraction Patterns of Other Systems Synthesized from the 




























Figure A.2: XRD patterns of other iron (III) oxide/aluminum systems heated in a DTA to 
1000°C  at 10°C/min using 3,3 dimethyl oxetane as the gelation chemical.  (a) Fe2O3/3x 
stoichiometric ratio of Fe:nano Al (3 x 0.083 g = 0.249 g Al), (b)  Fe2O3/½ stoichiometric 
ratio of nano Al (½ x 0.083 g = 0.0415 g), (c) Fe2O3/1:1 Fe nano Al plus CNT, (d) 
Fe2O3/1:1 Fe:micron Al, and (e) Fe2O3/1:1 Fe:micron Al plus CNT. 
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Figure A.2 continued 
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